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Photocatalysts with high adsorption, good photocatalytic ability and highly recoverable 
performance are highly desirable for effective organic contaminates removal.  In the 
first part of this thesis, a highly recoverable TiO2/carbon-clay photocatalyst was 
prepared by immobilizing TiO2 (commercial P25) on a strong adsorbent (clay) via a 
bio-mimetic coating strategy and followed by a carbonization process. Superior 
separability of TiO2/carbon-clay was achieved by simple gravity sedimentation, in 
which most of TiO2/carbon-clay settled within 5 min and all the particles settled within 
2 h. The obtained TiO2/carbon-clay composites possessed a maximum adsorption 
capacity (Qmax) of 95.4 mg/g and showed higher photocatalytic activity than pure TiO2, 
which removed 99% dye within 30 min under simulated sunlight irradiation. This 
TiO2/carbon-clay composite also exhibited excellent durability and no apparent 
reduction of photocatalytic activity was observed after 5 cycles of reuse. 
The second part of this work focused on loading photocatalysts on porous and robust 
substrates. A convenient strategy was developed to fabricate carbonized melamine 
foam supported TiO2 nanoparticles (NPs) for effective dye removal. Melamine foam 
was chosen as the supporting substrate to immobilize TiO2 NPs via a biomimetic 
coating strategy using polydopamine (PDA). TiO2 coated melamine foam (TiMF) was 
heated in the nitrogen atmosphere to achieve the carbonization of both melamine foam 
and the PDA coating layer between the TiO2 NPs and foam. The obtained carbonized 
foam served as the supporting material for TiO2 NPs and as microreactor for the 
photocatalysis of dyes. The carbonized TiO2 coated melamine foam (CTiMF) showed 
remarkable photocatalytic activity for Rhodamine B degradation under simulated 
XXI 
 
sunlight irradiation, 98% RhB was degraded within 60 min. The reason for the 
improved photocatalytic property is also presented. 
The third part of this thesis aimed to design and fabricate photocatalyst loaded filter for 
VOCs degradation. In this part of work, a VOCs photodegradation/detection integration 
system was designed and developed. A common commercial Nickel (Ni) foam was 
chosen as the supporting material. A dip-coating method was used to load commercial 
TiO2 (P25) NPs/reduced graphene oxide (RGO) composites on the chosen Ni foam. 
The effect of P25/RGO ratio and the coating layers on the VOCs degradation 
performance was investigated in detail.  Compared with commercial photocatalytic Ni 
foam, the obtained P25-RGO/Ni foam effectively increased the degradation efficiency 
of VOCs. The developed VOCs degradation/detection system showed advantages 
including low detection limit, easy operation, fast and automatic data collection and 
suitability for a wide range of VOCs types. 
In this thesis, a biomimetic coating and dip-coating was used to immobilize commercial 
TiO2 (P25) on different supporting materials and the obtained materials were further 
used for water and air pollutant treatment. Specifically, this work demonstrated that 
dopamine cannot only act as a binder to load photocatalyst on supporting substrates, 
but also contribute to the photocatalytic performance of the obtained materials after 
being converted into carbon. This coating strategy can be used on different substrates, 
including clay nano-sheets, porous melamine foam and commercial Nickle foam. The 
obtained products showed effective performance for degrading contaminants from both 
water and air. Therefore, this research contributes to the application of photocatalytic 




Chapter 1       
Introduction 
1.1 Significance 
Environmental pollution is a growing global concern with the rapid development of 
industries. The reckless discharge of untreated industrial wastewater/gas into the 
environment has caused serious pollution. The discharge of pigments or dyes into 
waterways can colour the water and limit sunlight penetration into the lower level. The 
resulting water pollution can affect aquatic life. Furthermore, many of these compounds 
are toxic or even carcinogenic. Volatile organic compounds (VOCs) are the precursor 
pollutants for the formation of the particulate matter (PM2.5) in air. Reactive VOCs 
combine with nitrogen oxides (NOx) through photochemical reactions in the 
atmosphere and form the ground-level ozone. Both PM2.5 and ozone have harmful 
effects on human health and the environment. Therefore, it is an urgent task to find an 
effective technology for removing the contaminants from our environment. 
Among diverse environmental remediation strategies, semiconductor nanomaterials 
based photocatalysis is of great interest because it is capable of converting otherwise 
harmful pollutants into harmless materials by a simple light irradiation. This direct 
utilization of the abundant energy of either natural sunlight or artificial indoor 
illumination is a promising green sustainable avenue for addressing the pollution and 
energy crisis, particularly in developing economies. Among all photocatalytic materials, 
TiO2 nanoparticles (NPs) have gained special attention because of their intrinsic 
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hydrophilicity, robust chemical stability, long durability, low cost, and high reactivity 
[1-8].  
One of the critical requirements for practical use of TiO2 NPs is to avoid secondary 
pollution arising from the separation of TiO2 from the water/air system after the 
treatment. Immobilizing TiO2 NPs on supporting materials is one of the effective ways 
to solve the problem. However, the strong oxidization of TiO2 NPs from electrons and 
holes activated by light irradiation is a non-selective process, which can decompose 
both contaminants and organic supporting materials. To date, very little is known about 
how to tune the interface between photocatalyst and supporting material interface to 
achieve robust adhesion and high pollutant treatment performance photocatalyst under 
sunlight. 
 
1.2 Knowledge gaps 
Knowledge gap 1: Limited knowledge on how to load P25 on adsorbent clay to 
achieve high photocatalytic activity and recovery ability for wastewater treatment. 
Physical adsorption is widely used to remove coloured compounds from water because 
of its simplicity of operation [9]. Natural clay is a typical physical adsorbent and has 
been widely used for its high adsorption capacity. It is reported that the adsorption 
property of clay could exceed that of activated carbon under the same conditions [10-
11]. However, most adsorbents suffer from the limitation of reuse owing to their non-
destructive nature. The technology of physical adsorption produces large amounts of 
sludge that has to be further regenerated or disposed of as a prescribed waste. 
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One effective method to obtain reusable adsorbent is to functionalize the surface of 
adsorbent with photocatalysts. The existence of photocatalysts can degrade the 
adsorbed contaminants under irradiation and then recover its adsorption capacity [12].  
In general, the photocatalysts can convert inexhaustible solar energy into chemical 
energy to oxidize/reduce pollutants and bacteria in the environment [13-15]. Many 
efforts have been devoted to obtaining TiO2/clay composites. However the preparation 
is limited by sol-gel method [16]. Compared with commercialized TiO2, the synthesis 
of TiO2 NPs by sol-gel method is very sensitive to experimental conditions, which 
makes it difficult to keep the reproducibility of TiO2/clay composites for environmental 
remediation application [17].  
 
 
Knowledge gap 2: Limited specification of supporting material for recycling TiO2 
powder while maintaining its high photocatalytic activity. 
To date, semiconductor based photocatalysts are still limited to their practical 
application because of their powdery form and low performance efficiency. To improve 
its photocatalytic efficiency, a general route is to enhance their surface area, so most 
photocatalysts exist at nanoscale. However, nanoscale photocatalysts have a strong 
tendency to agglomerate and thus reduce their catalytic activity [18-19]. Thus, 
miscellaneous and sophisticated operations are often required to separate and recover 
them from the treated solution.  
Sophisticated structures have been designed to achieve the separation and recovery of 
photocatalytic nanomaterials from the reaction system. Immobilization of nanoscale 
photocatalysts on solid supporting material has been attempted for easy recovery and 
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reuse of catalysts [20-25]. Although many successes have been achieved to load TiO2 
on 3D substrates, most of the work is still limited to rigid substrates. The obtained 
photocatalysts are fragile and there is a reduction in the quality of photocatalyst during 
the recovery process. 
 
Knowledge gap 3: Limited knowledge on applying photocatalyst for volatile 
organic compounds (VOCs) treatment 
Recent exciting progress in this field includes the development of photocatalytic filter, 
in which harmful VOCs are converted into clean air when the filter is exposed to UV 
light. It has been recently found that cleaning efficiency is significantly higher when 
two components are used as a mixed system than when one photocatalyst is used. The 
origin of this increased efficiency has been attributed to the formation of the interface 
and the subsequence charge transfer. To date, however, very little is known about how 
to tune the interaction between the photocatalyst composites and the supporting 
materials to achieve advanced high performance active filter under light irradiation.  
 
1.3 Specific aims 
Aim 1: Loading P25 on exfoliated clay nano-sheet using dopamine (DOPA) as the 
linker to achieve highly recoverable and high photocatalytic ability for organic 
contaminates removal from water. 
A bio-mimetic coating strategy was used in this study followed by a carbonization 
process. Dopamine (DOPA), a natural amino acid abundantly present in mussel 
adhesive proteins (MAP), has been found to be the key component responsible for the 
5 
 
versatile adhesive capabilities of mussels. Lee, Messersmith, and others showed that 
catechol groups in DOPA or polydopamine (PDA) were capable of forming hydrogen 
bonds, metal−ligand complexes, and quinhydrone charge-transfer complexes with 
various surfaces [26]. Polydopamine has recently attracted considerable interest for 
application in multifunctional thin film coating. Theoretical calculations [27] and 
experiments [28] have proved there is strong interaction between TiO2 and dopamine 
(DOPA).  
Clay with nanosheet structure was used as the supporting substrate, which has high 
specific surface area. P25 loaded clay (P25/C-clay) photocatalyst showed superior 
separation ability from water by simple gravitational settling, also high photocatalytic 
activity, robust reusability and excellent adsorptive ability against dye RhB. This work 
provided a simple, low-cost, scalable method for preparing P25-substrate composite, 
which provides a possible way for applying P25 as an easy separation photocatalyst in 
real-world environmental remediation. 
 
Aim 2: Fabricating 3D structure micro-reactor by immobilizing P25 NPs on 
carbonized melamine foam for effective dye degradation in wastewater. 
Commercial melamine foams are intensively used as abrasive cleaner sponges in our 
daily life driven by their microporous open-cell structure, flexible, and strong 
mechanical performances. Compared with existing aerogel, the joints between 
interconnected and reticulated structure and space within the foam can be maintained 
even after the carbonization at high temperature, providing the carbonized melamine 
foam (MCF) with both higher flexibility and stronger mechanical performances 
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compared to the reported carbon aerogel. Thus the MCF can be an ideal 3D substrate 
to construct photocatalyst for practical use. 
The immobilization of P25 NPs on melamine foam (MF) via polydopamine coating 
strategy was investigated. The effect of carbonization on binding interaction between 
P25 NPs and MF, charge carrier separation and photocatalytic activity of CTiMF for 
dye Rhodamine B degradation has been studied in detail. 
 
Aim 3:  
1) Developing and optimizing P25 NPs or P25@RGO composite coated nickel 
foam and evaluating its efficiency for VOCs removal. 
2)  Designing and manufacturing experimental reaction system. 
TiO2 (P25)-graphene composite was reported as high photocatalytic performance 
photocatalyst, with great adsorption capacity of dyes in water [17]. Previous research 
has also shown that P25-graphene (P25@RGO) composite photocatalyst has better 
photocatalytic performance for degrading Rhodamine B from aqueous solution than 
P25 [29]. 
The P25@RGO composite was loaded onto commercial nickel foam by a dip coating 
process. VOCs concentration change before and after the treatment was monitored by 
an IR-based spectrometer. The VOCs removal efficiency was studied using a purpose 
build VOCs photodegradation/detection system.  
 
1.4 Thesis outline 
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This thesis consists of seven chapters as outlined below: 
 Chapter 1: Introduction of entire thesis including significance and research 
challenges, specific aims and outline. 
 Chapter 2: Literature review of background and current research progress in 
photocatalysis, textiles wastewater, volatile organic compounds and 
immobilizing photocatalysts on supporting materials, as well as research 
challenges and their applications. 
 Chapter 3: Materials and methodology of sample preparations, experiment and 
characterization. 
 Chapter 4: A highly recoverable photocatalyst was prepared by immobilizing 
TiO2 (commercial P25) on strong adsorbent (clay) via a bio-mimetic coating 
strategy followed by carbonization process. Separation ability, adsorption 
capacity and photocatalytic activity of the obtained TiO2/carbon-clay 
photocatalyst was investigated in detail. 
 Chapter 5: TiO2 NPs (commercial P25) were immobilized on 3D flexible 
melamine foam (MF) via a bio-mimetic polydopamine (PDA) coating strategy 
followed by a carbonization treatment. Coating density, different concentration 
of P25, adsorption capacity, photocatalytic activity and reusability of 
carbonized TiO2 NP-coated melamine foam was discussed in this chapter. 
 Chapter 6: TiO2-reduced graphene composite (P25@RGO) was loaded on 
commercial metal nickel foam via a dip coating strategy. The property of coated 
nickel sheet with different coating layers of P25@RGO was compared; 
photodegradation efficiency of P25@RGO nickel foam to various VOCs versus 
commercial photocatalytic nickel foam was studied. 
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 Chapter 7: This chapter summarizes the main outcome obtained from this PhD 







2.1 Photocatalysis for pollutant control 
Chemical pollution is an important and influential pollution among all kinds of 
environmental pollution. Due to the excessive transformation and utilization of the 
environment, a large amount of harmful substances (chemicals) produced by human 
production and activities are discharged into the environment. Agricultural processes, 
transportation emissions, household cleaning product and especially industrial 
emissions are all examples of human activities resulting in chemical pollution.  
Therefore, effective control and management of chemical pollutants is one of the key 
environmental problems we all face now.  
The representative chemical pollution treatment methods currently used are physical 
adsorption, chemical oxidation, microbial treatment and high temperature incineration. 
These methods have played an important role in environmental protection and treatment. 
However, these technologies suffer from various degrees of either low efficiency or 
incomplete pollutants degradation, which leads to the production of secondary pollution. 
These technologies are applicable only to certain types of pollutants with high energy 
consumption, which is not suitable for large-scale application. 
Semiconductor photocatalyst has become one of the most promising technologies for 
pollutant control. It shows an easy way to make use of the energy from either the 
sunlight or interior illumination light. Photocatalysts, such as TiO2, ZnO, Fe2O3, CdS, 
WO3, SnO2 and ZnS, have demonstrated high degradation efficiency to a broad range 
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of organics, which can convert the organics into small compounds that are easily 
biodegradable, into CO2 and H2O.  
Although many semiconductor materials have been proved to have photocatalytic 
activity, semiconductors other than TiO2 are difficult to be practically applied due to 
their low activity or easy photocorrosion. In the case of TiO2, there are also several key 
technical problems that restrict large-scale industrial application. These include the low 
quantum efficiency (less than 4%), which makes it difficult to process industrial exhaust 
gas and waste water with large quantity and high concentration [30], and low utilization 
rate of solar energy. The photocatalyst TiO2 has a forbidden band width of 3.2 eV, 
which can only absorb ultraviolet light with wavelength less than 380 nm in sunlight 
[31]. It is also difficult to uniformly and firmly load TiO2 on other supporting materials 
while maintaining its high photocatalytic activity to meet specific physical and 
chemical performance requirements [32]. 
 
2.1.1 Photocatalysis mechanism 
The ability of photocatalysis is based on a series of reactions including adsorption of 
organic molecules on photocatalyst surface, electron excitation, and electron transfer 
among particles and reactions on the reactive surface.  
The first step for the photocatalytic activity is when the semiconductor anatase phase 
TiO2 is irradiated under UV light, the electrons are photo-excited from valance band to 
the conduction band, which generates electron-hole pairs in the empty valence band. 
Figure 2. 1 shows the generation of the electron-hole pairs under irradiation.  
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After excitation, the generated electron-hole pairs have possibilities to transfer in 
different ways among TiO2. First, the electron-hole pair can recombine with each other 
before reaction with the release of heat. Apart from recombination, the generated 
electrons and the holes can migrate to the surface of TiO2, leading to reductive and 
oxidative reactions.  
The generated electrons and electron-hole pairs have appropriate redox-potential for a 
wide range of catalytic reactions. As shown in Figure 2. 1, the generated electrons can 
be reduced to superoxide (•O2
-), meanwhile, the generated holes can react with H2O or 
O2, producing hydroxyl free radicals (•OH). It is reported TiO2 under irradiation can 
generate the superoxide (•O2
-) and hydroxyl (•OH) free radicals.  Depending on the 
reaction conditions, these free radicals will have important roles in breaking down the 
organic contaminates [33]. 
 
Figure 2. 1. Photo-induced formation mechanism of electron-hole pair in a 




2.1.2 Factors affecting photocatalytic reactions 
The heterogeneous photocatalytic reaction consists of a series of complex surface 
chemical and physical processes. Their photocatalytic performance can be affected by 
the crystal structure, specific surface area, and surface functional group of the catalysts. 
 
2.1.2.1 Effect of crystal structure 
The commonly used photocatalyst TiO2 has two crystalline phases, anatase and rutile. 
Compared with the rutile type (band gap of 3.0 eV), anatase type TiO2 (band gap of 3.2 
eV) has more surface active centres, which has higher photocatalytic activity [34]. 
Some recent studies have shown that covering a thin layer of rutile on anatase TiO2 can 
effectively promote the electrons and holes charge separation in anatase, forming a 
photocatalyst with high photocatalytic activity [35]. 
In addition, the lattice defects have a direct impact on the photocatalytic activity of TiO2. 
Lattice defect is the active site in the photocatalytic reaction. Salvador et al. [36] studied 
the photolysis process of water on rutile TiO2 (001) single crystal. The Ti
3+ -V (vacancy) 
defect on the crystal surface is the active centre for oxidizing H2O to H2O2. It was also 
found that Ti3+ -Ti3+ spacing of the defect point (0.259 nm) is much smaller than the 
spacing of Ti4+ -Ti4+ (0.459 nm) in the defect-free rutile crystal, therefore the defect 
increased the reactivity of adsorbed hydroxyl group. However, too many defects may 
become recombination centre of electron-hole pairs, which leads to reduced 
photocatalytic activity [37]. 
 
2.1.2.2 Effect of surface area  
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Since the catalytic reaction occurs on the surface, the surface area has a direct impact 
on the contact opportunity between the surface active substance and organic pollutant 
compounds.  
Small particle size could result in a large surface area. Compared with bulk TiO2, nano-
TiO2 has much higher surface area and therefore a higher photocatalytic redox 
capability. This is due to the Quantum-size effect of nano-semiconductor particles. But 
when the particle size is small to a certain extent, the charge carriers of the 
semiconductor will be confined to a small size potential. Meanwhile, the conduction 
band and the valence band transit to discrete energy levels, resulting in the increase of 
band gap (Eg) and a short wavelength absorption. This therefore leads to the decrease 
of the photocatalytic activity [38]. Meanwhile, when the particle size is smaller than 
the distance of migration before carrier recombination, the chance for electrons and 
holes recombination is reduced. This could also increase the surface area, with 
increased surface defects and active centres, leading to higher photocatalytic activity 
[39].  
The surface defects and status of the catalyst also have significant impact on its catalytic 
activity. Nerlov et al. reported that defects on the surface of TiO2, especially oxygen 
defects, helped to reduce the recombination chance  of photo-generated electrons and 
holes, thereby increasing the catalytic activity [40]. The defects also facilitate the 
increase of the adsorption capacity of catalyst, therefore improve its catalytic activity 
[41-42]. 
 
2.1.2.4 Effect of surface functional groups 
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There are two types of OH- on the surface of TiO2. One type of OH
- forms a weak bond 
with Ti (IV). This type OH- is alkaline and can be easily removed by heating, which 
generally has no impact on the photocatalytic activity. Studies have shown that the 
density of OH- on the surface of photocatalyst decreased rapidly as the heating 
temperature increased [43], but only a gradual decrease of the photocatalytic activity 
was observed. The other type of OH- bridges on two adjacent Ti (IV) ions. These OH- 
groups are the Brönsted acid centre, which has significant impact on photocatalytic 
activity.  
 
2.2 Photocatalyst for wastewater treatment 
2.2.1 Textile wastewater 
The manufacturing process of textile industries not only generates a huge amount of 
waste, but also requires a huge amount of fresh water and many different additives 
during various processing stages. According to a World Bank report [44], 17% to 20% 
of global industrial water pollution comes from the textile industries, and 72 toxic 
chemicals have been used in their dyeing and treatment process. More than 30 of these 
chemicals cannot be filtered or removed. The coloured pollution has seriously polluted 
the ecosystem and aquatic life.  
The waste generated from textile industry can be from either dry or wet processing 
groups [45]. Dry processing group generates solid waste which are mainly fibre 
materials. Wet processing group produces wastewater during the main textile 
manufacturing processes such as sizing/desizing, scouring, bleaching, mercerisation, 
dyeing, printing and finishing stages [46]. A large amount of fresh water is used in these 
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stages, accompanied by discharge of wastewater. Table 2. 1 shows the amount of water 
used in textile finishing processes. Figure 2. 2 summarizes the wet processing stages of 
cotton based textile manufacturing. Different pollutants are listed based on each stage 
of the textile manufacturing process. 






Figure 2. 2. The component of major pollutants involved at various stages 
of a textile manufacturing industry [46]. 
 
From the manufacturing processes described above, the textile wastewater causes a 
serious environmental problem. The textile wastewater treatment has been a long-
standing challenge over decades. Until now, there is no relatively inexpensive and 
individual treatment method that can effectively degrade the wastewater because of the 
complex chemicals and additives in the wastewater. Thus, the reuse of wastewater has 




2.2.2 Current technologies for textile wastewater treatment 
There are several wastewater treatment techniques, and the most commonly used dye 
removal techniques are shown in Figure 2. 3. Both destructive and non-destructive 
techniques are summarized in this section.  
The non-destructive techniques are to use different methods to separate dyes from the 
pollutants. It is very effective in most cases with a wide range of dye types [48-50]. 
However, this process generates dye-rich sludge, which needs to be disposed of as pre-
descripted waste. This process requires potentially expensive post treatment [51-52]. 
 
Figure 2. 3. Dye-removal techniques [53]. 
 
2.2.2.1 Coagulation & flocculation 
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Coagulation and flocculation are the processes to destabilize the colloidal suspensions, 
which convert the stable suspension into an unstable state. Typically in nature, colloidal 
suspensions carry electrical charges on the particle surface, and the surface charge of 
these particles can be neutralized and then precipitated by addition of some chemicals, 
to facilitate the separation of in the form of solids by gravity or filtration [54-55].  
Coagulation and flocculation are often used in the same way, they have similar principle 
but modicum of difference [54, 56]. Coagulation is the destabilization induced through 
charge neutralization by additional inorganic chemicals. Flocculation is about the 
formation of large agglomerates in suspension by the addition of large molecular weight 
polymer. The obtained agglomerates are compact and loosely bounded in the case of 
coagulation. But for flocculation, the flocs have larger size, and are strongly bound. The 
range of flocculent applications in mineral processing is much greater than the 
applications of coagulants.  
Chemical coagulation is a complicated process, which involves a variety of relevant 
parameters. Therefore, it is important to find out how successful coagulation is in a 
given condition. Depending on the colour removal efficiency from the dyed water 
pollution, chemical coagulants may be classified into 3 categories, as described in 
Figure 2. 4 [46].  
The hydrolysing metallic salts such as ferric chloride, ferric sulphate, magnesium 
chloride and alum can effectively attract inorganic suspended solids. These salts require 
fast mixing during the processing, and alkaline additives are required to achieve 




The pre-hydrolysing metallic salts such as polyaluminium chloride (PACI), 
polyaluminium sulphate (PAS) and polyferric chloride (PFCI) do not require the 
addition of alkali and they are much less sensitive to pH. The flocs are tougher and 
stable in high colour applications.  
For the synthetic cationic polymers, such as polydiallyldimethyl ammonium chloride 
(poly-DADMAC), aminomethyl polyacrylamide, polyalkylene, polyamines and 
polythylenimine, lower dosages are required to achieve denser sludge. When metal salts 
are combined with synthetic cationic polymers, the required dose of coagulants can be 
greatly reduced.  
 
Figure 2. 4. Classification of chemical coagulants based on their effectiveness [46]. 
 
In summary, particular pollutants can be removed from the wastewater by 
coagulation/flocculation process, which shows the advantage of efficient treatment and 
cost benefit. However, these technologies still suffer from some disadvantages, such as 
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a large amount of sludge is generated from this process, which requires further post 
treatment. 
 
2.2.2.2 Anaerobic treatment 
Anaerobic water treatment is a biological treatment without air oxidation or elemental 
oxygen and chemical treatment. It has a wide application to remove the organic 
contaminates from wastewater, slurries and solid sludge. 
In the anaerobic wastewater treatment, anaerobic microorganisms break down the 
organic pollutants into gases, containing methane and CO2, which can be collected for 
further applications. 
Biodegradation is about using living microorganisms (for example bacteria or fungi) to 
digest contaminants from wastewater [57]. In most cases, two steps are involved. The 
first step is anaerobic treatment, which breaks the azo linkages of the dyes and removes 
the coloration from the wastewater. Hazardous aromatic amines are formed in this step, 
so that aerobic treatment is needed to further mineralize the by-products [58]. In the 
second step, the microorganisms are immobilized on supporting materials  and used in 
bioreactor to improve its efficiency with increased stability of the treatment process and 
decreased generation of biological sludge [59]. The advantage of the biodegradation is 
that it is capable of removing dye from huge volumes of polluted water at a low cost 
[51]. However, the microbial system is limited to certain waste stream, because the 
activity of the living microorganisms in this technique can be significantly affected by 
the pH and temperature. Furthermore, this system cannot be used to treat textile 





2.2.2.3 Nano-filtration membrane 
In the last few years, recycling of the industrial textile wastewater by membrane 
processes has attracted a lot of attention due to the constraints on water usage. Nano-
filtration membrane has properties between ultrafiltration and reverse osmosis 
membrane [61]. Membranes can be used for many potential applications, including 
colour and salt removal, PVA and latex recovery for reuse. Nano-filtration membrane 
is a unique technology in wastewater treatment, because it can offset the investment by 
the recovery of the commercial valuable materials.  
To achieve reusable quality of recycled water, the recovery of textile wastewater 
generally requires nano-filtration membrane [62]. In the current process, after 
biological treatment, the wastewater is further passed through nano-filtration membrane. 
The obtained water reaches a quality that can be reused in the dyeing process. A work 
from Suksaroj group reported that nano-filtration can achieve high efficiency with more 
than 99% dye removal efficiency at a pressure of 10 bar [63]. Other parameters include 
turbidity of less than 0.2 NTU, hardness of 60 mg/L as CaCO3, total organic of carbon 
(TOC) and colour of treated water of 10 mg/L and 5HU [64]. Dye effluent from dyeing 
different fabrics was treated with nano-filtration system. The efficiency was evaluated 
both in lab and pilot scales. It was found that nano-filtration membrane can remove 
99.5% of colour from dyeing reaction bath with NaCl. Textile dyeing bath containing 
direct dye was also evaluated with nano-filtration process at a pressure of 10 bar. The 
colour removal efficiency of 98% was achieved [65]. Water after treatment was claimed 
to be reused in several different ways including dyeing and rinsing. However, most of 
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existing commercial nano-filtration membranes exhibit more than 30% rejection rate of 
inorganic salts, which increase the difficulty of recovering valuable inorganic salts[66]. 
 
2.2.3 Photocatalyst for textile water treatment 
Photocatalysis has emerged as promising green technology for treating dye wastewater 
because it represents an easy way to utilize either indoor light or sunlight. Several 
operating parameters that are important in applying photocatalyst for the wastewater 
treatment process are described as follows: pH of the solution, oxidizing agent and 
catalyst loading. All these conditions should be considered as they have a significant 
impact on the photocatalytic activity for breaking down the dyes in wastewater. 
 
2.2.3.1 Effect of pH 
Table 2. 2 presents that the pH value has great impact on the dye degradation 
performance of photocatalysts. Due to the nature of pollutant, some dyes are easily 
decomposed at higher pH value, while the others are hard to decompose. Therefore, it 
is important to understand the nature of the pollutants to determine a suitable pH for 
the pollutant degradation. 
It was also reported that the pH value of precursor solution has dramatic effect on the 
photocatalytic performance of Ni-TiO2 on the photo-degradation of 4-chlorophenol 
under UV light [67]. Huang et al. reported that the photocatalytic performance of N-
doped TiO2 increased with the decrease of pH value [67]. 
Table 2. 2. pH influence on the photocatalytic degradation of different 





2.2.3.2 Effect of oxidizing agents 
It has been revealed that the oxidizing agents play an important role in the photo-
degradation of dyes. Saquib et al. demonstrated that conventional oxidizing agents such 
as hydrogen peroxide (H2O2), ammonium persulphate ((NH4)2S2O8) and potassium 
bromate (KBrO3) could assist the breaking down of different dyes to a different extent 
with the presence of photocatalysts (Figure 2. 5) [68]. 
 
Figure 2. 5. Degradation rate for Fast Green FCF (Dye 1) and Patent Vlue 
VF (Dye 2) by different electron acceptors. H2O2 (10mM), (NH4)2S2O8 




It has been confirmed that H2O2 and S2O8
2+ can promote the dyes degradation 
performance of photocatalysts including azo dyes [69]. Similar findings were also 
found by other research groups [70-71]. The oxidizing agents (H2O2 and S2O8
2+) could 
form reactive free radical intermediates (such as SO4
− and •OH), which are either a 
strong oxidant or an electron scavenger. As a result, electron-hole recombination will 
be inhibited. Detailed process can be described by the following equations [69]: 
 
 
2.2.3.3 Effect of catalyst loading 
The amount of catalyst loading has a dramatic impact on the photocatalytic degradation 
of dyes in wastewater [68-69, 72-74]. Konstantinou and Albanis reviewed TiO2-
assisted photocatalysts and their applications in azo dye degradation in aqueous 
solution. It was found that  that the catalyst concentration has a big effect on the initial 
reaction rates [69]. Table 2. 3 shows the photocatalysts and their best catalytic range 
for degrading different dyes. 
Table 2. 3. Effects of catalysts concentration on the dyes degradation under 





The dye degradation performance increases with the increasing the concentration of the 
photocatalyst and achieved the highest performance at optimum concentration. The 
performance then starts to decrease with further increasing the catalyst concentration. 
This is because the amount of active sites on the surface of photocatalyst increases with 
the increase of catalyst concentration, as a result, the catalytic performance increases. 
On the other hand, if the catalyst concentration is higher than the optimum amount, the 
photo-degradation rate decreases because of the interception of light through the 
suspension [73]. 
 
2.3 Photocatalyst for volatile organic compounds 
(VOCs) degradation 
2.3.1 Definition, classification, sources and risks of VOCs 
Volatile organic compounds (VOCs) are organic chemicals (with boiling point at 
50~260°C), which have a higher vapour pressure at room temperature, including 




Some VOCs are from outdoors, such as industrial emission, vehicle exhaust, and 
photochemical smog. Another VOCs source is from indoors, for instance, building 
materials, home & personal care products, and daily behaviours [76]. Table 2. 4 
summarises the classifications and resources of VOCs. More than 300 VOCs have been 
identified. Among them, more than 20 VOCs are from indoors. VOCs have become 
another main pollutant apart from CO SOx and NOx [77]. 
Table 2. 4. The classification and sources of VOCs. 
Classifications Sources VOCs 
Outdoors waste gas emission;  
vehicle exhaust  
styrene, tetrachloroethylene, p-xylene, 
formaldehyde, chlorobenzene, and 
methane  
Indoors building materials  formaldehyde, benzene, toluene, 
diisocyanate, acetone, epichlorohydrin  
home & personal care 
products 
formaldehyde, toluene, allethrin, 
chloroform, styrene, pentachlorophenol, 
chlorobenzene 
import from outdoors same as outdoor VOCs 
  
VOCs could result in serious health risks to humans [78]. The resulting health effects 
include eye, nose, and throat irritation. It also includes headaches, loss of coordination 
and nausea. It is reported that VOCs might cause the damage to the organs such as liver 
and kidney, as well as central nervous system. Some organics were found to be able to 
cause cancer in animals, which were suspected to cause the damage to humans [79]. 
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For most of VOCs pollutants, the exposure level and time play a very important role on 
the impact to human health.  
 
2.3.2 Current technologies for VOCs treatment 
The main technologies of VOCs treatment include adsorption, condensation, membrane, 
catalytic combustion, photo-degradation and biotech. Some methods have been 
commercialized, and some are under investigation and development. 
 
2.3.2.1 Adsorption 
Adsorption is one of the efficient methods to treat VOCs with low concentrations. The 
efficiency relies on the adsorbents, VOCs components and concentration, and treatment 
conditions (temperature, pressure and moisture). The conventional adsorbents include 
activated carbon, activated carbon fibre, zeolite, molecular sieve, clay, activated 
alumina and silica [80-81]. For some VOCs, adsorbents have to be opted through 
experiments, ensuring the optimum adsorption system and conditions. The thickness of 
current commercial adsorbents is around 30~1200 cm with the VOCs adsorption 
efficiency of 90% [82]. In practice, when the adsorbent is fully filled by VOCs, hot air 
is used to desorb VOCs, followed by distillation to recycle VOCs.   
However, the size and cost of their gas treatment equipment are proportional to the 
amount of VOC, but relatively independent to the flow rate. Carbon-adsorption 
technology are mainly used in the case of gas components which relatively simple and 
organic matter has high recovery value. The carbon adsorption bed is more inclined to 





Condensation is one of important technologies to reduce VOCs emission rates. 
Condensation technology can recover VOCs, which provides an economic benefit 
when costly product is recovered using this technology [83]. Condensation is the 
process for removing VOCs by lowering the stream temperature. For example, ethylene 
glycol has a high boiling point. Since vapour pressure decreases with temperature, 
reducing temperature in the condensation process can sufficiently reduce emissions to 
reach legal limits. However, in order to obtain high recovery rate, the condensation 
process requires high pressure and low temperature, result in high processing cost. The 
emission from the condenser still contains a high concentration of VOC. 
Figure 2. 6 shows a schematic set-up where the condensation process is applied. The 
VOCs stream goes through a pre-cooler stage, which is used to remove water and 
recover energy, and also for some VOCs removal. Then the low-temperature condenser 




Figure 2. 6. Typical layout of condensation. 
 
2.3.2.3 Membrane separation 
Membrane separation technology is based on the different fluid rate of different VOCs 
component passing through membrane (Figure 2. 7). It has become one of the novel 
VOCs treatment technologies, with features of simple process, low energy consumption 
and non-secondary pollution. Since 1980s, the membrane separation technology has 
been broadly used for recycling VOCs in hydrocarbon industries. Membrane 





Figure 2. 7. Example of experimental apparatus for measuring volatile 
organic compound sorption on membranes [84]. 
 
Membrane materials could be organic and inorganic. Organic membrane includes poly 
(vinylidene fluoride) (PVDF), cellulose, nylon, polytetrafluoroethylene (PTFE) and so 
on [84-86]. However, upon long time contact with high temperature VOCs gases, the 
size and porosity of the membrane will change, which limits their applications. 
Inorganic membranes include metals and metal oxides, ceramic, carbon, porous glass 
and so on. The most popular inorganic membranes include Al2O3, SiO2, TiO2, ZrO2 and 
SiC [86-88]. 
 
2.3.2.4 Catalytic combustion 
The use of catalyst to control VOCs emissions has a long and successful history since 
the introduction of the 1990 amendments to the Clean Air Act.  High concentrated 
VOCs can be easily burned into CO2 and H2O at high temperature, and the conversion 
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efficiency can reach up to 99%. However, when the concentration of VOCs is very low, 
increased temperature has to be applied.  
The catalytic combustion is a technology to oxide VOCs under lower temperature 
(Figure 2. 8) [89]. Catalytic combustion used for the oxidation of VOCs can be designed 
using any of the substrates, including ceramic, foil honeycomb, metal ribbon, screen, 
expanded metal and plugs. Catalytic combustion has the features of low operating costs, 
low maintenance costs, ease of operation and installation. In this case, catalytic 
oxidation technology is broadly applied in converting web dryers, chemical processing, 
food processing, flexographic printing and heat-set printing.  
However, the catalytic combustion has some disadvantages that have to be solved 
during applications, such as high capital cost, potential for catalyst poisons and limited 
to moderate VOCs concentrations. 
 





2.3.2.5 Biological treatment 
The biological treatment is based upon the capability of microorganisms to use these 
molecules as sources of carbon, nutrients and/or energy or to degrade them using 
unspecific enzymes into H2O and CO2 [90]. Biofiltration have been used for VOCs 
elimination, mitigation of odour chemicals, and in conjunction with other treatment 
technologies. Biological treatment is classified by biofilter, biotrickling filter and 
bioscrubber [91]. The intrinsic biodegradability of VOCs depends on many factors such 
as its hydrophobicity to the microbial population, toxicity and concentration. 
Biological purification has become a popular option to treat VOCs (Figure 2. 9) due to 
its low operating cost and relatively low capital cost compared to other technologies 
[92]. However, some problems of the biological treatment in VOCs degradation are 
expected to be solved, such as the selection and culture of microorganisms, and the 




Figure 2. 9. Example of a biofilter unit [92]. 
 
In conclusion, due to the complex of VOCs, combination of different treatment 
technologies are expected to be applied together to achieve the high VOCs degradation 
performance. The combination of different methods could achieve better treatment of 
VOCs, however, the high operating cost and capital cost will limit their applications. 
Photocatalytic degradation technology, as an economic and environmentally friendly 
method, has been attracting more and more attention for researchers. 
 
2.3.3 Photocatalyst for VOCs treatment 
Photocatalytic degradation of VOCs has rapidly become a very promising technology 
in the past two decades, and it has received a lot of attention from governments, 
environmental authorities and research workers. According to literature, photocatalytic 
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degradation of VOCs is mainly divided into two categories, namely TiO2-based 
photocatalyst (TiO2 or TiO2-based modified photocatalyst) and non TiO2-based 
photocatalyst [93].  
 
2.3.3.1 TiO2 photocatalytic degradation of VOCs 
In 1990, Dibble and Raupp[94] built a reaction apparatus as shown in Figure 2. 10, 
which was used for photocatalytic oxidation for trichloroethylene (TCE) in the presence 
of TiO2 under UV irradiation. They studied the effect of initial reaction substance (TCE, 
O2 and moisture) concentration on the reaction rate and conversion rate, and also 
studied the TCE photocatalytic degradation kinetics under different conditions.  
 
Figure 2. 10. TiO2 photocatalytic oxidation for TCE reaction system [94]. 
 
In 1995, Obee and Brown[95] for the first time set up the experiments according to the 
characteristics of indoor VOCs, using  P25 TiO2 (Degussa) photocatalytic to degrade 
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formaldehyde, toluene, and 1,3-butadiene. They also investigated the impact of 
humidity to VOCs removal efficiency. Another work about using P25 for VOCs 
removal was carried out by Jacoby et al. [96]. They found that formaldehyde, toluene 
and 1, 3-butadiene firstly adsorbed on the surface of catalyst, followed by degradation 
under UV excitation conditions. The reaction rate is reflected as “rate-determining step”. 
Steven [97] reported the TiO2 photocatalytic degradation efficiency for three types of 
VOCs in the magnitude of ppbv (parts per billion by volume): formaldehyde, 
acetaldehyde and 1,3-butadiene. The results showed the degradation efficiency of 
acetaldehyde was slightly lower than that of formaldehyde and acetone, and the 
conversion rates of formaldehyde and acetone were close to 100%. 
Alberici and Jardim [98] improved the photocatalytic degradation apparatus as shown 
in Figure 2. 11. The test conditions used were: gas flow rate of 200 ml/min, relative 
humidity (RH) of 23% and oxygen content of 21%. 17 kinds of VOCs in the magnitude 
of hundreds of ppmv (parts per million by volume) were tested through TiO2 
photocatalytic degradation. By line analysis of gas chromatography, no by-products 
generated from 17 kinds of VOCs after degradation. The highest conversion rate was 
TCE (99.9%), the lowest was Pyridine (15.8%), and carbon tetrachloride only 
decomposed when it co-existed with formaldehyde. They also found that the 
decomposition of toluene can result in deactivation of the photocatalyst TiO2, and along 
with the TiO2 colour that changed from white to light yellow. After using hydrogen 
peroxide wet treatment reactive photocatalyst, the photodegradation activity and colour 
of TiO2 were restored. The reason for deactivation of the photocatalyst may be the 
strong adsorption of intermediates generated during toluene photocatalytic oxidation 




Figure 2. 11. Experimental set up used in the photocatalytic destruction of 
VOCs [98]. 
 
2.3.3.2 Key VOCs removal factors 
The main factors that affect the photocatalytic degradation of VOCs are water vapour 
(humidity), chemical environment, the wavelength and power of the light source, 
reaction temperature, and initial concentration of VOCs and so on. In depth study of 
the effects of different factors on the reaction is beneficial to improve the technical 
process of photocatalytic degradation for VOCs. 
 
2.3.3.2.1 Moisture in VOCs 
There are three main aspects of water vapour influence on the photocatalystic 
degradation of VOCs: 1) Hydroxyl groups on the surface of photocatalyst can adsorb 
certain aromatic hydrocarbons by hydrogen bonding or OH-p conjugated electrons 
which provide adsorption sites. 2) At a high moisture content, H2O will adsorb organic 
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compounds competing with photocatalyst, resulting in reduced degradation efficiency. 
3) Under suitable moisture content conditions, the photocatalyst hydroxyl groups will 
generate photo-electrons and holes, resulting in a variety of highly reactive free radicals, 
such as H2O2, OH•, HO2•, and these free radicals are the main species to break organic 
compounds. 
Obee and Brown [95] studied the effect of moisture on TiO2 photocatalytic degradation 
efficiency of formaldehyde, toluene, and 1,3-butadiene. They found that the effects of 
moisture on photo-degradation of three types of VOCs were different. When the 
moisture concentration was in the range of 0-5000 ppmv, the degradation rate for 
formaldehyde increased as the moisture concentration increased. When the moisture 
concentration exceeded 5000 ppmv, formaldehyde degradation rate significantly 
decreased with the increase of moisture concentration.  
The same effect was found in the degradation process of toluene, only the critical value 
of moisture concentration was around 3000 ppmv.  For 1,3-butadiene, the degradation 
rate decreased with the increase of the moisture concentration. In the high humidity 
range, water molecules also adsorb formaldehyde and toluene, thus inhibiting the 
photocatalytic reaction of TiO2. This is because the conjugated bond strength between 
1, 3-butadiene and HO-p hydroxyl group is significantly lower than the hydrogen bond 
between water and hydroxyl. Therefore, as long as moisture exists, 1, 3-butadiene is 
difficult to adsorb on surface of TiO2. Obee et al. found that humidity also inhibited 
TiO2 photocatalytic degradation for ethylene [99]. 
Cao et al. [100] used a thin TiO2 film to degrade 1-butene under different humidity 
conditions. They found that when the humidity concentration was 1000 ppmv or less, 
photocatalytic oxidation rate significantly decreased with increasing the humidity. 
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When the humidity reached 2000 ppmv, the photocatalyst showed almost no 
degradation activity. But, the TiO2 NPs maintained their photo-degradation activity at 
humidity concentration of 2000 ppmv, and the conversion rate of 1-butene was over 
30%. Ao and Lee [101] also compared the effects of humidity on photocatalytic activity 
of TiO2 and TiO2 loaded on activated carbon filter (TiO2/AC). TiO2/AC showed higher 
conversion rate of PCE than TiO2 under the same humidity condition. 
Jo et al. found the humidity condition had no effect on TiO2 photo-degradation of 
chlorobenzene, ethylbenzene, trichloroethylene and tetrachloroethylene. In the range of 
relative humidity (RH) of 18-78%, the photo-degradation rates of organic matter were 
all close to 100% [102-103]. 
To summarize, humidity is an important factor in the photocatalytic degradation 
process, and its impact depends on the different systems. Further work is required to 
determine the optimized VOCs treatment conditions. 
 
2.3.3.2.2 Chemical environment 
Chemical environment also affects the photocatalytic degradation efficiency for VOCs. 
Ao [104] reported that due to the presence of SO2, the conversion rate of ethylbenzene 
and other four VOCs by TiO2 dropped more than 10%. However, the presence of NO 
promoted the degradation rate of these gases. The inhibition effect of SO2 is due to the 
competitive adsorption with degradation products on the surface of TiO2. While the 
adsorbed NO on the surface of TiO2 can promote the effective separation of photo-
generated electrons and holes, thereby improving the degradation efficiency. 
Oxygen content plays an important role in the photocatalytic oxidation reaction, and 
almost all the degradation reaction is under aerobic conditions. The content of oxygen 
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in the experiment is usually simulated the percentage of oxygen in the air (21%). 
Bridgen et al. [105] studied the photocatalytic degradation of short-chain ethylene, 
ethane, propylene, propane, n-butane and n-hexane on the surface of TiO2. Such organic 
matter normally had no reaction under anaerobic conditions. Degradation efficiency 
under hypoxic conditions was extremely low, and photocatalyst lost their activity 
rapidly. When the oxygen concentration was increased to an appropriate concentration, 
the conversion rate of reactant significantly improved, wherein the conversion rate of 
ethylene, ethane, propylene and propane oxidized to CO2 was at least 95%. 
 
2.3.3.2.3 Initial concentration of VOCs 
The initial concentration of target VOCs has an effect on not only the reaction rate and 
conversion rate, but also the reaction kinetics process. Currently, the initial 
concentration of VOCs in most studies is within tens of ppmv to hundreds of ppbv. 
Obee et al. [95] found that in the concentration range of 0.5-6.1 ppmv formaldehyde 
and 0.07-11 ppmv toluene, the degradation rate increased with increasing the initial 
concentration of VOCs. This is because at the low concentration range, the probability 
of collisions between reactant and photocatalyst improved with increasing the initial 
VOCs concentration. When the concentration of photocatalyst was maintained the same, 
the degradation rate and conversion rate significantly reduced when the VOCs 
concentration reached the optimum point. This is because the photocatalyst could not 
provide enough adsorption sites for the O2 to participate in the surface reaction [106]. 
Therefore, to ensure the photocatalytic degradation efficiency, the amount of the 




2.4 Photocatalyst immobilized on supporting material 
To achieve practical application of photocatalysis technology, the photocatalyst must 
be operated within the constraints of commercial application. Suspended nanoscale 
photocatalysts offer better contact with dissolved contaminates compared with 
immobilized catalysts reactor. However, the suspended particles need to be separated 
after the treatment. Decantation can be a possible solution but the process requires huge 
tanks to store the catalyst suspended wastewater. Meantime, this process takes a very 
long time for the catalyst particles to settle. Therefore, the recycling of the photocatalyst 
particles after wastewater treatment is the main technical obstacle for 
commercialisation [107]. On the other hand, for industrial application, it is essential to 
load photocatalyst on the substrates (such as metallic foam and carbon aerogel), 
ensuring after/during the treatment process, the photocatalyst particles will not loss with 
the water/gas flow [108]. 
Researchers have explored the possibilities to avoid the recovery process by 
immobilizing the photocatalyst on different supporting materials. A large variety of 
materials have been applied to immobilize photocatalyst. These supporting materials 
include cellulose membranes, glass fibre, glass beads, gel, quartz optical fibres, SiC 
foam, and ceramics [109-111]. Recently many studies have focused on immobilizing 
TiO2 onto different supporting materials [112]. According to these studies, the best 
supporting material should 1) be transparent to the UV light; 2) allow strong 
interactions between TiO2 and the surface of supporting material to prevent 
photocatalyst peeling off during the reaction; 3) have a large surface area; 4) have good 
adsorption interaction with organic compounds; 5) have a physical structure which can 
be easily collected after liquid or solid waste treatment; 6) be chemically stable. 
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Therefore, the immobilization of photocatalyst powder onto supporting materials plays 
an important role in developing highly efficient photocatalytic processes for practical 
application.  
 
2.4.1 Typical supporting materials 
2.4.1.1 Adsorbent-based substrate 
Most of the adsorbent-based substrates have a porous structure with a large surface area 
and good adsorption properties. Currently substrates used for carrying TiO2 are 
activated carbon, silica gel and zeolite. These substrates can adsorb the surrounding 
organic matter, increasing the concentration of organic matters around TiO2 particles. 
At the same time, it can avoid the volatilization or release of the intermediate product 
from TiO2 particles, thus accelerating the degradation efficiency and realizing the 
regeneration of the adsorption capacity of the adsorbent-based substrate. Li et al. carried 
out the photocatalytic degradation of methyl orange aqueous solution by using activated 
carbon-supported TiO2 [113]. The good adsorption capacity of activated carbon 
resulted in the increase of degradation efficiency because of the integration behavior of 
adsorption, reaction and separation in this photocatalytic reaction system. However, 
most of the adsorbents require post-separation after the treatment process. Some 
researchers have tried to load photocatalyst onto 3D structure substrates to solve this 
problem. Yuan et al. [114] described a facile approach to obtain a flexible 3D N-doped 
carbon foam/carbon nanotubes (NCF@CNTs) hybrid using melamine foam (MF) as 
the supporting material. CNT-loaded MF was calcined at 800 °C to produce 
NCF@CNTs. A lightweight free-standing electrode (NCF@CNTs-TiO2) was further 
fabricated by integrating NCF@CNT and TiO2 NPs. An ultrasonic-coating method was 
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also used to load g-C3N4 on melamine sponge skeleton to form a monolithic g-
C3N4/melamine sponge (g-C3N4/MS) that inherited the porous structure of melamine 
sponge. The obtained g-C3N4/MS possessed a larger specific surface area and more 
exposed active sites than the powder counterpart of g-C3N4. It was also photocatalytic 
active for nitric oxide (NO) removal and CO2 reduction [115]. Additionally, activated 
carbon has been integrated with semiconductor photocatalysts, such as TiO2 and CdS, 
to effectively improve the photodegradation performance of semiconductor 
nanomaterials [116-117]. For these reasons, carbonized melamine foam (CMF) appears 
to be an ideal 3D substrate for constructing a practical photocatalyst microreactor. 
 
2.4.1.2 Glass-based substrate 
Glass is low cost and widely used in different sectors. It has unique properties including 
high light transmittance and easily formation into various shapes. A wide range of 
glass-based substrates have been developed, which include glass sheets, glass fibre 
(mesh or cloth), hollow glass microspheres and glass tubes. Glass substrates with a 
large surface area such as glass mesh or glass cloth can increase the reaction area and 
improve the reaction efficiency. Hollow glass microspheres can float in water, which 
is often used as the substrate for surface pollution treatment. Jiang et al. [118] 
investigated the optimum conditions for hydroxyl radical generation by loading TiO2 
on hollow glass microspheres. Rapid degradation of dimethyl phthalate proved that 
TiO2 coated hollow glass microspheres was a promissing photocatalyst for water 
treatment. Ao et al. [119] loaded TiO2 on glass fiber via a sol-gel method. The obtained 
photocatalyst showed improved photocatalytic activity compared to P25 for 




2.4.1.3 Ceramic-based substrate 
Ceramic can be fabricated into porous structure with many excellent properties, such 
as good adhesion to TiO2 particles, good acid and alkali resistance and high temperature 
resistance. Ceramic modified with TiO2 has been developed into self-cleaning ceramic 
products. Murugan et al. [120] coated TiO2 on ceramic glazed tiles by dip, spray and 
flow coating method to degrade stains to achieve self-cleaning effect. After exposure 
to sunlight for 55 h, the model molecule stains (methylene blue) prepared on the TiO2 
coated ceramic were rarely visible due to photocatalytic degradation, which 
demostrated the decontamination function of self-cleaning ceramics.  
 
2.4.1.4 Metal-based substrate 
The most commonly used metal-based substrates are corrosion-resistant metal 
materials such as nickel sheet (foam nickel), aluminum sheet, titanium alloy, copper 
alloy and stainless steel. Yu et al. [121] immobilized TiO2 films on stainless steel (at 
different heating temperature), glass and quartz substrate by dip coating method 
respectively. The TiO2 coated stainless steel composite showed higher photocatalytic 
activity for oxidation of acetone in air compared to the photocatalytic activity of TiO2 
coated on glass and quartz substrate (Figure 2. 12). These substrates are mainly used 




Figure 2. 12. Photocatalytic activity of TiO2 thin films coated on glass, 
quartz, and stainless steel calcinated at 500 °C for different period of time 
[121]. 
 
2.4.2 Immobilization technology 
In the study of photocatalytic degradation of organic pollutant, nano TiO2 powder is 
applied in two main manners: 1) Suspension system, in which TiO2 powder is 
suspended in liquid solution as a photocatalytic system. The suspension system has high 
photocatalytic ability, but the recovery and reuse of TiO2 is still a challenge. In order to 
separate TiO2 particles from the dispersion phase, it is usually subjected to flocculation 
followed by filtration process, which is not suitable for continous operation. The 
treatment process also requires continuous stirring to maintain the suspension, which is 
also a disadvantage for industrialization [122]; 2) By immobilizing TiO2 on supporting 
substrates, a layer of TiO2 particles is uniformly adhered to various bulk material by 
specific methods. The obtained composite is then used for the treatment process. This 
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overcomes the post-treatment and continuous operation problem. Therefore, 
immobilization of  TiO2  photocatalyst on solid support with excellent performance has 
become one of the key points for the practical applications of photocatalyst since the 
late 1980s.  
 
2.4.2.1 Sol-gel method 
Sol-gel method is currently the most widely used method for loading TiO2 on support. 
The method is based on titanium alkoxides, inorganic titanium salts (such as TiCl4) or 
titanates (such as Ti (OC4H9)4) with anhydrous ethanol as commonly used precursors. 
Small amount of water and acid or organic polymerization additives is added to form 
the stable TiO2 sol by stirring and aging, the gel is then applied for further coating 
process. The sol-gel TiO2 is immobilized onto substrate by two main coating methods 
which are dip-coating and spread-coating. The process of gel and sizing process can be 
repeated multiple times to increase the coating layer thickness, and then sintered at a 
certain temperature for a determined period of time. This method has the advantages of 
being a simple process, mild preparation conditions and controlled thickness. The 
desired crystal phase of TiO2 can be obtained by controlling the heat treatment 
temperature. The obtained photocatalyst has high photocatalytic activity, good 
homogeneous, good firmness and difficult loosening and dropping [123-124]. 
 
2.4.2.2 Chemical vapor deposition (CVD) method 
Chemical vapor deposition is a traditional immobilization method. Among them, metal-
organic chemical vapor deposition (MOCVD) is widely used (Figure 2. 13). Precursors 
(containing metal organic compound) are carried by Ar or H2 gas into the reaction 
46 
 
chamber, then the precusors are decomposed and deposited on the substrate in the high 
temperature furnace [125].  
 
Figure 2. 13. Typical shape of shower head for metal organic chemical 
vapor deposition (Ba, Sr) TiO3 [125]. 
 
2.4.2.3 Electrophorectic deposition (EPD) method 
The electrophoretic deposition (EPD) process in the TiO2 suspension is shown in Figure 
2. 14. The supporting substrate becomes the cathode and the equal-area conductor is 
used as the anode. A uniform TiO2 film is obtained by NPs electrophoresed and 
deposited on the cathode under the influence of the electrophoresis field. However, this 






Figure 2. 14. Schematic drawing of electrophoretic deposition cell process [126]. 
 
2.4.2.4 Direct loading of TiO2 NPs methods 
Direct loading of TiO2 NPs is used to coat TiO2 powder on various substrates with the 
assistance of binders. Some examples of binders are low-temperature curing fluororesin, 
fine silica sol particles and the mixture of silica and organosilicon compounds. A TiO2 
photocatalyst film is coated on the substrates and followed by thermal treatment. The 
aggredation of particles could occur during the thermal treatment, which significantly 
lowered their surface area. Therefore, it is a challenge to control the crystallinity and 
grain size during the thermal treatment process. Studies have shown that different 
substrates and loading methods have a significant impact on the photocatalytic activity 
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of the obtained supported photocatalysts. For example, TiO2 NPs have been synthesized 
on carbonized filter paper to obtain TiO2/carbon paper composite. The obtained 
TiO2/carbon paper composite showed improved photocatalytic activity [127]. A 
floating biofilm carrier for the photocatalytic circulating-bed biofilm reactor (PCBBR) 
was also fabricated using a macro-porous polyurethane foam (PUF) and a thermostable 
ordered mesoporous SiO2-TiO2 [128]. The obtained hierarchical macro/mesoporous 
structure facilitated the pollutants adsorption and photon utilization efficiency as well 
as loading of microorganism. Fan et al. immobilized AgX (X=Br, Cl) onto graphene 
aerogel for a facile cycling catalytic process [22]. Three-dimensional (3D) porous 
graphitic carbon nitride (g-C3N4)/graphene oxide (GO) aerogel was also fabricated by 
Tong and co-workers [24]. In the composite aerogel, GO acted as 3D framework and 
provided support to the g-C3N4 nanosheets, which promoted the electron transfer and 
achieved improved photocatalytic activity simultaneously. Cui et al. fabricated a 
hydrophilic secondary pore structure by incorporating TiO2 into a porous carbon 
aerogel, which improved the separation and utilization of electrons and holes in the 
photocatalytic process and increased the photocatalytic efficiency [129]. Super-
hydrophobic mesocellular foam was synthesized by loading nano-sized TiO2 using 
NH4F as the hydrophobic modifier. The mesocellular foam not only acted as a 
supporting material but also as an adsorbent for organics [130]. Dispersed and stable 
TiO2 quantum dots (TiO2 QDs) were prepared in the pore channels of SiO2 foam 
through in-situ hydrolysis of titanium alkoxides. The anchoring interaction between 
TiO2 QDs and the SiO2 foam effectively prohibited both the TiO2 phase transformation 





Photocatalyst TiO2 has been successfully immobilized on different support materials, 
including glass beads, glass fibre, SiC foam, polymer membrane, through different 
strategies. The obtained photocatalytic materials have been used for pollutant treatment. 
However, the strong oxidization of TiO2 NPs from electrons and holes activated by 
light irradiation is a non-selective process, which can decompose both contaminants 
and organic supporting materials. Very little is known about how to tune the interface 
between photocatalyst and supporting material interface to achieve robust adhesion and 
high pollutant treatment performance photocatalyst under sunlight. In this study, two 
different linkers have been used to immobilize photocatalyst on different supporting 
materials. The impact of linker on the photocatalytic and recycle performance of the 
obtained product was investigated in detail.  The obtained products were used for water 
and air pollutant treatment in the laboratory and the VOCs removal performance of the 
developed product was further used in industrial on-site trials. This work provides a 
basis for a better understanding and optimizing the high performance photocatalyst 




Chapter 3  
Materials, characterization and 
experimental design 
In this chapter, materials and chemicals used for the experiment in the thesis are 
described. Instruments and characterisation methods used in this work are also 
presented in detail. 
 
3.1 Materials and experimental design 
3.1.1 Materials and chemicals 
Pristine clay (Na-montmorillonite: Na-MMT with the cationic exchange capacity of 
145 mmol/100g) was supplied by Nanocor Inc. Melamine foam was obtained from 
SINOYQX Co. Ltd. (Sichuan, China). Sulfuric acid (98%) was purchased from Chem-
Supply Pty Ltd, Australia. TiO2 (P25, 20% rutile and 80% anatase), 3,4-
dihydroxyphenethylamine hydrochloride (DOPA, 98%), tris(hydroxymethyl)-
aminomethane (TRIS, 99%) , sodium nitrate, graphite, potassium permanganate and 
Rhodamine B were purchased from Sigma-Aldrich. All the chemicals were used as 
received without further treatment. 
 
3.1.2 Preparation of P25 coated carbon clay (P25/C-clay) 
3.1.2.1 Preparation of polydopamine modified clay dispersion 
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In a typical experiment, 4 g of Na-MMT was dispersed in 2 L of deionized water and 
magnetically stirred for 48 h at a speed of 500 rpm, followed by vigorous stirring at 15 
000 rpm for 1 h using a homogenizer. The suspension was centrifuged at 2000 rpm for 
10 min to remove the un-exfoliated Na-MMT. The suspension was then collected for 
subsequent use. 
Dopamine-clay (D-clay) composites were then synthesized. In details, TRIS (2.4 g) and 
DOPA (3 g) were added into the exfoliated Na-MMT suspension, followed by stirring 
for 2 h in ambient atmosphere (Figure 3. 1). The product was then centrifuged at 10 000 
rpm for 10 min and subsequently washed with deionized water for 5 times. The as-
prepared D-clay was re-dispersed into deionized water with a concentration of 18 
mg/ml. 
 
Figure 3. 1. Possible structural evolution and polymerization mechanisms 
of dopamine, as well as suggested reaction mechanisms for organic ad-layer 





3.1.2.2 Preparation of P25 coated D-clay (P25/D-clay) and P25 coated carbon-clay 
(P25/C-clay) composites 
The procedure for P25/D-clay (4:1) synthesis is as follows (Figure 3. 2): 20 ml of 0.5 
mg/ml D-clay was sonicated for 30 min. Then 200 ml of 0.2 mg/ml P25 water 
dispersion was slowly added into the above D-clay solution while stirring constantly at 
room temperature. After stirring for 12 h in dark, the final product was collected by 
centrifugation, washed 3 times with deionized water and followed by freeze dry. The 
obtained P25/D-clay powder was heated in a tube furnace at 600 °C with a heating rate 
of 5 °C/min and kept for 2 h under N2 atmosphere. The obtained product was designated 
as P25/C-clay composites. 
 
Figure 3. 2. Preparation steps of TiO2/C-clay. 
 
3.1.3 Preparation of carbonized TiO2 coated melamine foam (CTiMF) 
3.1.3.1 Modification of melamine foam with polydopamine 
Briefly, a piece of melamine foam with a size of 20 mm × 20 mm × 20 mm was cut and 
immersed into petroleum spirit for 10 min under vacuum, followed by squeezing for 5 
times to eliminate the air inside. The foam was then washed in deionized water for 
subsequent surface modification. The washed melamine foam was immersed into 40 
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ml of DOPA aqueous solution (4.0 mg/ml) and incubated while stirring for 60 min at 
room temperature. Subsequently, 10 ml of TRIS aqueous solution (3.0 mg/ml) was 
added into the reaction system and stirred for 24 h. The polydopamine coated melamine 
foam (DMF) was collected after being washed in deionized water. 
 
3.1.3.2 Immobilization of TiO2 NPs on DMF 
TiO2 NPs (P25, 50 mg) were dispersed in 100 ml of deionized water in a 250 ml flask 
and sonicated for 30 min. The obtained DMF was immersed into TiO2 dispersion and 
stirred for 24 h at room temperature. The DMF loaded with TiO2 NPs (TiMF) was 
separated from the dispersion and dried in oven. Then, the TiMF was placed in a MTI 
tube furnace and heated to 550 oC with a heating rate of 5 oC/min. It was kept at 550 oC 
for 2 h under nitrogen protection before cooling down to room temperature. Different 
heating times including 3 h and 4 h were performed to investigate the impact of heating 
time on the carbonization of PDA and TiMF. The heating time for the characterized 
samples was 2 h unless further specified. 
 
3.1.4 Preparation of TiO2@reduced graphene oxide (P25@RGO) 
3.1.4.1 Preparation of TiO2 suspension 
To prepare TiO2 suspension, 5 g of commercial titanium dioxide (P25) was added into 
100 ml deionized water using magnetic stirring and sonication for 1 h. 
 
3.1.4.2 Preparation of graphene oxide (GO) aqueous solution.  
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7.5 g of sodium nitrate and 10 g of graphite were added into 300 ml of concentrated 
sulfuric acid (98%) while under magnetic stirring. Then 40 g of potassium 
permanganate was slowly added into the above mixed solution within 1 h. The resulting 
mixed solution was then continuously stirred at room temperature for 3 days. The 
temperature during the addition of potassium permanganate was maintained to be lower 
than 20 °C. 
1 L of aqueous solution of hydrogen peroxide (1%) was added into the dark brown 
solution created above. The resulting mixed solution was then centrifuged and washed 
three times with warm deionized water until the pH of the solution became neutral. The 
resulting solid after washing was then dispersed in deionized water to get a dark brown 
suspension, which was then placed in a dialysis bag and dialyzed for about 1 week to 
remove the remaining salts and acids. 
The above-mentioned dialyzed graphite oxide solution was subjected to ultra-
sonication (30 min) to get a stable graphene oxide aqueous solution. Centrifugation was 
used to remove non-exfoliated graphene oxide. The resulting homogeneous dark brown 
solution remained stable without delamination for months (Ultra-sonication: Branson 
Digital Sonifier (S450D, 450 W, 70% amplitude)). 
The stable graphene oxide (GO) solution obtained from above was further diluted to 
get a concentration of 10 mg/ml. 
 
3.1.4.3 Preparation of TiO2@reduced graphene oxide (P25@RGO) 
24 ml of the above GO solution (10 mg/ml) and 24 ml of titanium dioxide solution (50 
mg/ml) were added into a mixture solvent which contains120 ml of ethanol and 192 ml 
of deionized water followed by magnetic stirring.  
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The above mixture was transferred to a 500 ml hydrothermal reaction kettle and heated 
at 120°C for 3 h. Then the sample was cooled down naturally to room temperature. The 
powder was then centrifuged and washed twice with deionized water. The resulting 
powder was dried for further application. 
 
3.1.5 Loading P25@reduced graphene composite on nickel foam 
(P25@RGO/Ni foam) 
The P25@RGO coating was performed with a dip coating method. A commercial Ni 
foam was used as the substrate in this study. 
P25@RGO powder with mass concentration of 1-3 mg/ml was added to water-ethanol 
mixed solvent (90%) to obtain a homogeneous dispersion. Tetraethoxysilane (TEOS) 
with mass concentration of 0.4-1.2 mg/ml was then added into the solution under 
stirring, to form silica gel.  Hydrochloric acid solution was added into the mixture till 
pH reached 2-3. This as-prepared sol-gel was then used in the dip-coating process. 
Ni foam was sonicated in ethanol solution for 30 minutes, and rinsed with deionized 
water and dried in oven. Ni foam was then immersed into P25@RGO/SiO2 sol gel 
solution for 2-4 minutes, then slowly lifted from the solution followed by immediate 
heating in an oven at 60-100°C for 30-60 minutes. 
 
3.2 Characterization and experimental instrument 
3.2.1 Transmission electron microscopy (TEM) 
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TEM images were taken by using a JEOL 2100 transmission electron microscope at 
200 keV. To prepare for the TEM observation, the sample suspension was dropped onto 
a copper grid that was covered by a layer of carbon film and dried for further test. 
 
3.2.2 Scanning electron microscopy (SEM) 
To investigate the surface morphology of synthesized composite, a Supra 55VP SEM 
(Carl Zeiss, Germany) microscope was used to take morphological images. Sample 
preparation for the SEM characterization is as follows. A composite sample dispersion 
was dropped on the surface of conductive tape, and then the conductive tape was placed 
on to an SEM sample stub, followed by sputter coating using a Bal-tec SCD50 coating 
machine. The coated carbon thickness was expected to be around 5 nm. Sample images 
were taken at a voltage of 5 keV or 3 keV depending on the stability of the composite 
under an electron beam. The magnification varied between 5,000 times up to 18,000 
times. 
 
3.2.3 Wide angle X-ray diffraction (WAXD) 
WAXD tests were performed on a powder diffractometer (PANalytical /X’Pert Powder) 
using Cu Kα radiation. The samples were analysed at room temperature over a range of 
5 to 80° (2Ѳ) at a scanning rate of 2.4° min-1.  
The crystallite size (D) can be calculated using the following Debye-Scherrer 
equation[133]: 
D = 0.89λ/(β cosθ)                                           
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Where λ is the X-ray wavelength =1.5406 A, θ is the Bragg diffraction angle, and β is 
the peak width at half of the maximum. 
 
3.2.4 Thermogravimetric analysis (TGA) 
To study the thermal property of TiO2/C-clay composite, the TGA (TA-Q50) was 
applied to record the weight loss by dynamic or isothermal heating with controlled 
atmosphere. Samples were put in a ceramic crucible and heated to a certain temperature 
at a heating rate of 10℃ min-1.  
 
3.2.5 Fourier transform infrared spectroscopy (FT-IR) 
FT-IR spectra were measured using a Burker Vertex 70 FT-IR spectrometer using the 
KBr method. Samples were dried in an oven at 50 ℃ for 6 h prior to the test. In the KBr 
mode, the samples were ground with dried KBr powder to prepare the KBr sample disk. 
The FT-IR absorbance/transmission spectra of samples were measured in a controlled 
environment, with a temperature of 20 ± 2℃ and relative humidity of 65 ± 2%. The 
spectra were obtained under 64 scans at 4 cm-1 resolution. The obtained FTIR data were 
analysed by OPUS version 5.5 software. 
 
3.2.6 Raman spectroscopy 
A Renishaw Raman system spectrometer (model 1000) was used to study on Raman 
spectra. The detail of this model was reported by Wang et al. [134]. The exciting source 
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is a 514.5 nm radiation from 20 mW air-cooled argon ion laser. The laser power was 
typically 1.0 mW at the sample position with an average spot diameter of 1 𝜇m.  
 
3.2.7 Ultraviolet visible (UV-VIS) spectrometer 
 UV-Vis absorbance spectra were measured by a double beam Cary 3 
spectrophotometer (Varian, Australia). The spectra were scanned from 200 nm to 800 
nm at a medium scan speed. 
 
3.2.8 Simulated sunlight source 
The decomposition of the dye solution was carried out in a simulated sunlight 
irradiation instrument, Atlas Suntest XLS+ (Figure 3. 3). The test method was described 
in previous work [135]. The Atlas Suntest XLS+ instrument was equipped with a 150W 
xenon lamp and a filter (coated with quartz dish). Rhodamine B (RhB) was used as a 
probe molecule to evaluate the photocatalytic activity of photocatalyst in response to 
sunlight (UV and visible) irradiation. The characteristic absorption peak of RhB at 554 
nm was chosen to monitor the photocatalytic degradation process [46, 136].  
 




3.2.9 Tube furnaces (MTI) 
The carbonization of the TiO2 coated composite was carried out in a tube furnace 
(MTI) as shown in Figure 3. 4. The MTI tube furnace utilises a 50mm OD tube of 
Alumina or Quartz. As the furnace is capable of up to 1500 DegC caution needs to be 
used when using Quartz which becomes plastic at 1300 DegC. An inert or vacuum 
environment can be established by using the supplied end caps to connect a controlled 
gas supply or vacuum pump. 
 






A biomimetic approach to the synthesis of 
highly recoverable P25/C-clay photocatalyst 
for water treatment 
In this study, TiO2 (P25) was immobilized on exfoliated clay nanosheets by using 
biomimetic strategy dopamine as intermedia. The obtained P25/carbon-clay showed 
good photocatalytic ability, excellent durability, strong absorbent capacity and highly 
recoverable performance against removing dye Rhodamine B from water.  
 
4.1 Experimental procedure  
Dried P25/C-clay powder was dispersed in 20 ml of RhB aqueous solution. The amount 
of P25 was fixed to be 0.1 mg/ml for all experiments in this chapter. The P25/C-clay 
concentration was determined by the P25 content in the obtained composite. The 
original concentration of RhB solution was 12 ppm. The suspension was constantly 
stirred in the dark for 1 h to reach the adsorption and desorption equilibrium of RhB on 
the particle surface. The suspension was kept being stirred continuously and irradiated 
under simulated sunlight instrument with a flux of 300 w·m-2. At a given time interval, 
3 ml suspension was taken out and centrifuged to remove the NPs from the mixture 
solution. The supernatant was tested by the Cary 300 UV-vis spectrophotometer to 
measure its UV-Vis absorbance spectra. All the results were based on the assumption 




4.2 Results and discussion 
4.2.1 Fabrication of P25/C-clay 
Scheme 4. 1 shows the preparation steps of P25/C-clay. Na-MMT clay was exfoliated 
into nano-sheet with an average size of 430 nm. Then a natural “super glue”, 
polydopamine, was used to adhere P25 NPs onto the clay nano-sheet to get P25/D-clay. 
The obtained P25/D-clay was heated at 600 oC to convert polydopamine into carbon. 
The conversion of dopamine to carbon layer could increase the stability of P25/C-clay 
composite during photo-degradation process. This carbon layer could also assist the 
strong adsorption of dye molecule and promote the electron-hole separation to achieve 
improved photo-degradation property [137-138]. 
 
Scheme 4. 1. Schematic description of preparation steps and structure of 
P25/C-clay. 
 
4.2.2 XRD analysis of exfoliated clay nano-sheet 
Pristine clay is usually in the form of crystal sheets with thickness of tens of nanometers. 
Figure 4. 1 gives the size distribution of clay nanosheets. Each sheet is composed of 





Figure 4. 1 Size distribution of clay nanosheets. 
 
To achieve a large surface area, delamination of clay into single layers is necessary. 
Figure 4. 2 (a) shows the XRD patterns of the pristine clay powder and the gel-like clay 
aggregate. For the pristine clay, the (001) basal plane of clay observed at about 7.23° 
corresponds to an interlayer spacing of 1.22 nm (calculated from the Bragg equation) 
[139]. Besides, the pristine clay shows a distinctive diffraction peak at 19.98° with d-
spacing of 0.45 nm, corresponding to the reflection peak of (020). It is interesting to 
observe that the (001) basal plane disappears in the gel-like clay sample, indicating that 
the ordered stacking structure of clay has been destroyed by the shearing force. The 
pronounced halo in the range of 20°-30° can be ascribed to the scattering of liquid water. 
In addition, a very weak reflection at 19.8° is observed, which could be assigned to the 
(020) plane for a two-dimensional hexagonal unit cell. The XRD results prove that Na-
MMT clay was successfully exfoliated into nanosheets and the two-dimensional 
structure of nanosheet is retained. Figure 4. 2 (b) shows the X-ray diffraction pattern of 
the synthesized clay, P25 and P25/C-clay. P25/C-clay has very similar XRD pattern 
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with pure P25 sample. Both anatase (101) and rutile (110) peaks are observed in the 
composites and there are no diffraction peaks from clay, which further proves clay 
remained as exfoliated nanosheets after the P25 loading and carbonization process. 
 
Figure 4. 2. (a) XRD patterns of pristine clay and colloidal clay aggregates 
in water obtained by mechanical shearing. (b) XRD of colloidal clay 
aggregates, P25, and P25/C-clay. 
 
4.2.3 Morphologies of P25/C-clay 
Figure 4. 3 (a) shows the TEM image of polydopamine modified clay. The amount of 
P25 in the composite is a key parameter for high photocatalytic activity of the obtained 
composite. The P25 coating density is controlled by varying the feed ratio of P25 and 
clay. The initial mass ratios of the two components P25 NPs and clay nanosheets in this 
experiment were 1:1, 2:1 and 4:1, respectively. As shown in Figure 4. 3 (b, c, d), P25 
NPs are successfully immobilized on the surface of clay nanosheets, and there are 
almost no free P25 NPs outside the nanosheet. From the TEM images, the coating of 
P25 nanocrystals on the clay sheets becomes denser as the P25/clay feed ratio is 
increased. At the ratio of 4:1, P25 NPs are fully coated on the surface of clay (Figure 4. 
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3d and Figure 4. 4). The composite obtained at this ratio was chosen for further 
characterizations and application. In addition, P25 nanocrystals immobilized on clay 
nanosheets appeared to exhibit strong interactions with the underlying clay nanosheets 
since sonication did not result in their dissociation.  
 
 
Figure 4. 3. TEM images of polydopamine modified clay (a),  P25/C-clay 
composites with the two components P25 NPs and clay nano-sheets mass 





Figure 4. 4. TEM image of P25/C-clay composites with mass ratio of 4:1 
 
4.2.4 Chemical composition of P25/C-clay 
Figure 4. 5 (a) displays the FT-IR spectra of clay, P25, and P25/C-clay. For the Na-
MMT clay sample, the main peak at 988 cm-1 is attributed to Si-O in-plane stretching 
[140]. The broad bands at 3404 and 1634 cm-1 are the stretching and bending vibrations 
for the hydroxyl groups of water molecules present in the clay. For P25, the broad peak 
at 3352 cm-1 is attributed to surface adsorbed water, and the peak at 1630 cm-1 
corresponds to the hydroxyl groups. The intensive band of P25 at around 716 cm-1 is 
attributed to Ti-O stretching and Ti-O-Ti bridging stretching modes [141]. For the 
P25/C-clay composites, the peak at 1050 cm-1 corresponds to the asymmetric vibration 
of the Si-O-Si of amorphous silica. Amorphous SiO2 may form when P25/D-clay 
powder was heated in a tube furnace at 600 °C for 2 h. Comparing FT-IR spectra of the 
original clay, P25 and P25/C-clay, the characteristic peaks of both P25 and clay are 
found in the spectra of P25/C-clay, confirming the coexistence of P25 and clay in the 
obtained composite. After carbonization, a strong peak reduction is observed between 
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3300-3400 cm−1. This is assigned to the OH groups, present in clay being greatly 
reduced after the carbonisation process.  
To further confirm the conversion of polydopamine into carbon after carbonization, 
Raman test was carried out. Figure 4. 5 (b) shows the Raman spectra of  P25/C-clay, in 
which the typical peaks located at 400, 514, and 640 cm-1, correspond to the modes of 
anatase phase of TiO2 [142]. The peaks around 400 and 614 cm
-1 correspond to the rutile 
phase of TiO2 [143]. Two dominating peaks are observed at 1331 and 1578 cm
-1, which 
correspond to D band and G band, respectively. The D band represents a disorder 
structure of the carbon and comes from the breathing mode of sp3 carbon, while the G-
band comes from the stretching of C-C bond in graphic carbon structure, and is due to 
the bond-stretching of C sp2 atoms [144]. This Raman spectrum of the P25/C-clay 
composite confirms that polydopamine has been converted into both amorphous carbon 
and graphitic carbon during the carbonization.  
 
Figure 4. 5. (a) FT-IR spectra of clay, P25, and P25/C-clay composites, (b) 




The XPS measurements were carried out to determine the chemical state of P25/C-clay 
composites (Figure 4. 6). As shown in Figure 4. 6 (a), the full range surveys demonstrate 
that Ti, O and C elements co-exist in P25/C-clay composites. Figure 4. 6 (b) 
demonstrates the Ti 2p high resolution spectra, in which the peak at 458.6 eV 
corresponds to Ti4+ 2p3/2 and the peak at 464.4 eV is assigned to Ti
4+ 2p1/2 [145]. Figure 
4. 6 (c) shows the O 1s spectra of P25/C-clay composites. The binding energy at 530.6, 
531.7, and 533 eV corresponds to Ti-O, surface -OH, and adsorbed H2O, respectively 
[146]. The C 1s XPS spectra of P25/C-clay composites are shown in Figure 4. 6 (d). 
The main C 1s at 284.9 eV indicates that majority of the carbon layer is in the form of 
hydrocarbon [147]. Two peaks at 288 eV and 289 eV are assigned to oxygen bounded 
species C=O and O-C=O, respectively [148].  No C 1s peak at 281 eV (Ti-C bond) was 
observed, strongly suggesting that C does not enter the TiO2 crystals during the heating 
process [149]. It is worth noting that, one C 1s peak at 284.4 eV, which corresponds to 
the graphitic carbon, was observed in P25/C-clay composites [150]. The existence of 
graphite carbon is further supported by π- π* “shake-up” satellite at 290-291 eV [151]. 
We suggest that the formation of graphite-like carbon lies in the catalytic performances 
of P25 during the carbonization process [138]. This graphite-like carbon can promote 
the migration of photo-induced electrons at the graphite-like carbon/P25 interface, 
facilitating the electron/hole separation and improving the photocatalytic performances 




Figure 4. 6. (a) XPS survey spectra of P25/C-clay composites, high-
resolution Ti 2p (b), O 1s (c), and C 1s (d) spectra. 
 
4.2.5 Loading amount of P25 in P25/C-clay composite 
The loading weight of P25 within the P25/C-clay was determined by thermogravimetric 
analysis (TGA) as shown in Figure 4. 7. TGA was conducted in air to remove the carbon 
layer.  Weight loss before 120 °C is attributed to water loss. P25, C-clay and P25/C-
clay show weight loss of 1.81%, 3.27%, and 2.73%, respectively. Assume the loading 
weight of P25 in P25/C-clay is x: 
0.0181x + 0.0327 (1-x) = 0.0273                                                           
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Thus the loading weight of P25 in the P25/C-clay is calculated to be 36.94%. 
 
Figure 4. 7. TGA cures of P25, carbon-clay, and P25/C-clay composites. 
 
4.2.6 Effect of carbonization 
The generation of reactive ·OH was quantitatively analysed by the photoluminescence 
(PL) method. This test aims to understand the mechanism of the photo-induced charge 
carrier process and investigate the active species involved in the process. Figure 4. 8 
shows the respective PL signals for P25/C-clay samples before and after the carbonized 
polydopamine formation. After carbonized polydopamine formation, the intensity 
of ·OH increased obviously, which indicates this carbon layer could inhibit the 
recombination of photo-induced charge carriers and prolong electron lifetime, resulting 
in an enhancement in their oxidation–reduction ability. This result is consistent with 
the previous reported work, which was found that carbonized polydopamine was 
favourable for charge carrier separation and transfer in carbonized polydopamine-
graphitic carbon nitride composites [152]. Compared with pure carbon nitride, the 
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carbonized polydopamine-carbon nitride composites showed improved photocatalytic 
performance. 
  
Figure 4. 8. PL spectra of P25/clay before and after carbonization in a 1 
mmol/L solution of terephthalic acid under simulated sunlight irradiation after 30 
min. 
 
4.2.7 Photocatalytic performance of P25/C-clay 
Dye Rhodamine B (RhB) was used as a model molecule to evaluate the photocatalytic 
performance of the obtained P25/C-clay composite under simulated sunlight irradiation 
(Figure 4. 9b and d). For comparison, the photocatalytic performance of P25 was also 
carried out under the same conditions (Figure 4. 9a and c). RhB degradation was 
attributed to photodegradation by photocatalyst rather than photosensitization, the 
degradation of RhB without nanoparticles was negligible under the irradiation [153]. 
As shown in Figure 4. 9 (b), with the presence of P25/C-clay composite, the colour 
intensity reduced significantly after the adsorption in the dark, which indicates the good 
adsorption capacity of the C-clay component in the composite. The colour intensity 
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reduced gradually under simulated sunlight irradiation and became colourless within 
20 min (Figure 4. 9b and d).  Compared with P25/C-clay composite, pure P25 showed 
a poor dye adsorption property in the dark (Figure 4. 9a).  Under simulated sunlight 
irradiation, the degradation of RhB is completed within a longer time compared to 
P25/C-clay (Figure 4. 9a and c). Figure 4. 9 (e) shows the relative change of the 
absorption peak intensity as a function of irradiation time. The Y-axis is reported as 
C/C0, where C0 and C is the initial and actual concentration of RhB at different reaction 
times, respectively. It can be clearly seen in Figure 4. 9 (a-e) that under the identical 
test conditions, the decrease of RhB concentration was faster and more prominent with 
the presence of P25/C-clay than P25. One of the reasons is the difference in the 
absorption capacity. As shown in Figure 4. 9 (e), P25/C-clay shows much higher RhB 
adsorption capacity than P25 even before light-induced degradation, resulting in a 
drastic rapid concentration decrease of the RhB solution. The photocatalyzed 
decolourization process can be described by first-order kinetic (equation below) with 




) = 𝑘 ∙ 𝑡      
Where C = concentration of RhB at any given time [mg/L], Cdark = concentration of 
RhB after adsorption in the dark [mg/L], t = irradiation time [min] and ki = apparent 
kinetic constant [1/min].  
The kinetic constant of P25 was found to be 0.15 min-1. A comparable kinetic constant 
of 0.12 min-1 was observed for P25/C-clay (Figure 4. 10). It can been seen from these 
results that there is a slight change of photocatalytic activity of P25 after being 
immobilized on clay nanosheets. In other words, this immobilization process maintains 
the photocatalytic performance of P25. 
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The dye adsorption isotherm on P25/C-clay as a function of RhB concentration was 
shown in Figure 4. 9 (f) and the maximum adsorption capacity (Qmax) of P25/C-clay 
was calculated to be 95.4 mg/g, which outperforms many other currently available 
adsorbents, such as GO-zeolite (55.56 mg/g), ZnO@RGO (32.60 mg/g) and halloysite 
(45.40 mg/g)[154], demonstrating the potential of P25/C-clay as a superior adsorbent 
for practical applications in environmental pollutant removal. Besides, the adsorption 
property of P25/C-clay can be recovered by P25 on its surface under simulated sunlight.  
 
Figure 4. 9. Photographs of the colour change in RhB solution containing 
P25 (a) and P25/C-clay (b), UV-spectra of RhB solution intensity change 
versus time with the presence of P25 (c) and P25/C-clay (d), (e) the 
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photocatalytic performance of P25/C-clay and P25 against RhB, and (f) 
Dye adsorption isotherms of RhB on P25/C-clay. 
 
Figure 4. 10. Decolouration kinetic comparison between the photocatalytic 
activity of P25 and P25/C-clay. 
 
Phenol was used as a model organic compound for non-dye pollutants for degradation. 
It can be seen in Figure 4. 11 (a) that RhB is more easily degraded than phenol under 
the same conditions. This is caused by the chemical stability difference between these 
two compounds as the benzene ring in the phenol structure is more difficult to 
decompose [155]. The result also indicates that the high activity of P25/C-clay towards 
RhB degradation can be mainly attributed to photodegradation but not 
photosensitization process.  
The photocatalytic activity for the oxidation of organic pollutants under visible light 
only was also carried out. As shown in the Figure 4. 11 (b), P25/C-clay showed great 
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dye adsorption property, but negligible reduction of RhB was observed under visible 
light within 30 min. This result further confirms that the high activity of P25/C-clay 
towards RhB degradation was attributed to its photodegradation but not the 
photosensitization process. 
 
Figure 4. 11. (a) The photocatalytic performance of P25/C-clay against 
RhB and Phenol and (b) UV-spectra of RhB solution intensity versus time 
with the presence of P25/C-clay. 
 
4.2.8 Reusability of P25/C-clay 
The reusability of P25/C-clay against RhB was investigated by performing several 
adsorption and then degradation cycles. In each cycle, the dye RhB solution was stirred 
in the dark to reach its absorption and desorption equilibrium before the photocatalytic 
test. The dye solution was then subjected to simulated sunlight irradiation for 30 min. 
Catalysts were separated and used for next cycle without further treatment. As shown 
in Figure 4. 12, after the first cycle, 99.9% of RhB was degraded. After 5 cycles, the 
degradation ability of P25/C-clay still maintained at 99.9%, confirming the excellent 




Figure 4. 12. Reusability of P25/C-clay against adsorption and degradation 
of RhB for 5 cycles under simulated sunlight irradiation. 
 
Easy recovery is an important factor for applying photocatalyst for practical use. 
Although ultra-fine catalyst powders with small particle size can exhibit good activity 
for their large surface area, it has been a great challenge to recover photocatalyst from 
aqueous systems after usage. The optical images of P25 and P25/C-clay suspensions in 
deionized water at pH 7.0 were taken at different sedimentation times as shown in 
Figure 4. 13. The concentrations of P25/C-clay and P25 were fixed at 1 mg/ml. P25 
NPs dispersed well in water and settled very slowly. The supernatant was still turbid 
after 4 days of sedimentation and needed more than 1 week to become clear (Figure 4. 
13a). This is compared with the fast settling behaviour of P25/C-clay composite under 
the same conditions. Most of the P25/C-clay composites settled in 5 min, leaving a 
small fraction of P25/C-clay suspended in the supernatant. It became clear after 2 h of 




Figure 4. 13. Photographs of the sedimentation of P25/C-clay (a), and P25 
NPs (b) in deionized water with different settling times up to 4 days. 
 
4.3 Conclusion 
In summary, an easily recyclable photocatalyst was prepared by applying a mussel-
inspired coating strategy to immobilize P25 on the surface of clay nanosheets. 
Compared with P25, P25/C-clay showed superior separability from water by simple 
gravitational settling. P25/C-clay also showed high photocatalytic activity, robust 
reusability and excellent adsorptive ability (95.4 mg/g) against dye RhB. This work 
provides a simple, low-cost, scalable method for preparing P25-clay composite, which 
opens up the possibilities for applying P25 as an easy separation photocatalyst in real-






Titanium dioxide coated carbon foam as 
microreactor for improved photocatalytic 
performance 
In this chapter, carbonized TiO2 NPs coated melamine foam (CTiMF) was successfully 
synthesized and used as a photocatalytic microreactor for dye degradation. A 
biomimetic coating method was used to immobilize photocatalytic material on 3D 
framework substrate. The obtained microreactor CTiMF showed flexibility, great 
adsorption capacity and high photocatalytic activity for Rhodamine B (RhB) aqueous 
solution. The TiO2 coating showed great stability on the melamine foam even after 
repeated water wash and photodegradation test. The obtained CTiMF maintained 99% 
dye degradation efficiency even after 5 cycles reuse. 
 
5.1 Experimental procedure 
CTiMF cubes were prepared with different loading amount of P25 content. The RhB 
photo-degradation measurement was carried out following the same procedure as in 
Chapter 4. Basically, the CTiMF cube was immersed into 20 ml RhB aqueous solution, 
and the size of CTiMF cube was determined by maintaining the content of P25 content 
in the cube to be 0.1 mg/ml in the RhB aqueous solution. The solution was stirred 
continuously in the dark for 1 h to reach the adsorption and desorption equilibrium of 
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RhB on the CTiMF surface. After that, the RhB solution with CTiMF was irradiated by 
simulated sunlight (300 W/m2) under stirring. At a certain time interval, UV-vis 
absorption spectra of the RhB solution were measured.  
 
5.2 Results and discussion 
5.2.1 Fabrication of CTiMF 
The fabrication process of CTiMF is illustrated in Scheme 5. 1. The colour of pristine 
melamine foam (PMF) changed from white to brown after it was coated by 
polydopamine (PDA). The melamine foam maintained its shape after the coating 
process. Since the grafting of PDA imparted amino groups to MF, the assembly of TiO2 
NPs on MF became effective. The TiO2 loaded melamine foam (TiMF) became dark 
after the sample was heated at 550 °C in nitrogen atmosphere. After carbonization, the 
original brown TiMF (20 mm × 20 mm × 20 mm) reduced in size (15 mm × 15 mm × 
15 mm) and turned black CTiMF (Scheme 5. 1). This 25 % shrinkage is mainly caused 
by the heat induced deformation of MF framework and the thermal polymerization of 
the melamine [156]. 
 




5.2.2 Morphologies of the foam 
To gain insights into the microstructure change, SEM was employed to observe the 
morphologies of foam during the fabrication procedures. The PMF exhibited porous 
structure with fibrils inside (Figure 5. 1A). Most of the fibrils have a smooth surface 
and triangle cross-section shape (inset in Figure 5. 1A). Adjacent melamine fibrils 
intersected to form reticulated structure by joints. The loading of TiO2 NPs did not 
affect the porous structure of the foam even when a dense TiO2 NPs was assembled on 
the surface of the fibrils (Figure 5. 1B).  The cross-section shape of the melamine fibrils 
maintained during the loading process of TiO2 NPs (inset in Figure 5. 1B). The 
carbonization process led to the shrinkage of TiMF and the increase of the pore density 
(Figure 5. 1C). The porous structure of the foam remained after carbonization, 
demonstrating the supporting ability of carbonized melamine foam for TiO2 NPs. The 
triangular shape of the cross-section fibrils deformed to concave triangle (inset in 
Figure 5. 1C) as a result of the collapsing of inter fibrils. Additionally, the coating of 
TiO2 NPs was not influenced obviously by the carbonization process (Figure 5. 2). In 
order to illustrate the structural changes of the foam after the treatment process, three-
dimensional models are shown in Figure 5. 1D. These results indicate that the 
combination of TiO2 NPs and foam fibril was stable, which were mainly attributed to 




Figure 5. 1. SEM images of PMF (A), TiMF (B) and CTiMF (C). Inserts: 
corresponding magnified cross-section SEM images. (D) Three-
dimensional modelling structure of PMF, TiMF and CTiMF. 
 
5.2.3 Adhesion stability of TiO2 NPs on the foam 
As can be seen from Figure 5. 2A and B, a large amount of TiO2 NPs was coated onto 
the surface of MF indicating that PDA effectively bridged the MF and TiO2 NPs. To 
further study the stability of immobilized TiO2 NPs on the surface of the foam fibrils, 
the CTiMF was washed with deionized water by stirring vigorously and under 
simulated sunlight for 60 min. Compared with CTiMF before washing and irradiation, 
no obvious change of the TiO2 NPs density was observed after the test (Figure 5. 2D), 




Figure 5. 2. SEM images of (A, B) TiMF, CTiMF (C) before and (D) after 
washing for 30 min in water. 
 
The UV-vis absorption spectrum of water used for washing TiMF and CTiMF were 
meausured to detect the detached TiO2 NPs from the foam. The UV-vis absorption 
spectrum of pure TiO2 NPs aqueous dispersion displayed a broad absorption band 
below 325 nm (Figure 5. 3 a). A weak TiO2 absorption band at 325 nm was found in 
the TiMF washed water after 60 min (Figure 5. 3 a), which indicates the  TiO2 NPs 
pealed off from the foam after wash.  However, this is comapred with no notable TiO2 
absorption bands found in the UV-vis absorption spectra of residual water after the 
CTiMF was washed for  60 min (Figure 5. 3 a). This result confirms that the 
carbonization process further improved the adhension interaction between TiO2 NPs 
and the supporting foam.  
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To further investigate the impact of carbonization on stability of TiO2 NPs on foam, 
deionized water with the presence of TiMF and CTiMF was kept stirring and it was 
also subjected to irradiation for 5 h by simulated sunlight. UV-vis absorption 
spectroscopy was also used to monitor if the TiO2 NPs peel off from the foam. For the 
TiMF, an obvious absorption band appreared in UV region, which suggested that some 
TiO2 NPs separated from the foam under the light irradiation and vigorous stirring 
(Figure 5. 3 b).  In contrast to TiMF, CTiMF showed no UV absorption following the 
same treatment conditions, which revealed that TiO2 NPs did not dissociate from the 
foam. Theses results indicate that carbonization significantly improved the anchoring 
ability of TiO2 NPs onto the foam even under irradiation. 
 
Figure 5. 3. UV-vis absorption spectra of (a) pure TiO2 NP solution, 
residual water after washing CTiMF and TiMF for 60 min; (b) deionized 
water solutions containing TiMF and CTiMF after being irradiated for 5 h 
under simulated sunlight. 
 
5.2.4 Loading amount of TiO2 NPs on the foam 
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The loading amount of TiO2 NPs on melamine foam can be controlled via adjustment 
of preparation conditions. In this study, the loading ratio of  P25 NPs onto melamine 
foam was purposely controlled in order to determine the optimized loading amount of 
P25 with the highest photocatalytic performance.  
The content of TiO2 NPs in CTiMF was determined by thermogravimetric analysis 
(TGA) conducted at 800 °C in air. The first weight loss at around 100 °C was attributed 
to the water vapor inside the CTiMF (Figure 5. 4). The CTiMF started to degrade at 
450 °C due to the degradation of melamine in air (Figure 5. 4). The degradation of 
CTiMF completed at around 600 °C. No further weight loss was observed with further 
increasing the temperature, which indicates that only TiO2 NPs were left after 600 °C. 
The maximum loading amount of TiO2 NPs was calculated to be 43 wt% from TGA 
curve.  
 
Figure 5. 4. TGA curve of CTiMF with different loading content of P25 




The SEM images of CTiMF with different loading amounts of TiO2 NPs (8.7 wt%, 24 
wt%, 30 wt% and 43 wt%) are shown in Figure 5. 5. The density of TiO2 NPs on the 
surface of foam fibrils increased with increasing the TiO2 NPs loading. The surface of 
3D foam framework was fully covered with TiO2 NPs at the maximum loading amount 






Figure 5. 5. SEM images of CTiMF with different loading amount of TiO2: 




5.2.5 Carbonization effect on the mechanical property of CTiMF 
TiMF was carbonized over different time duration to investigate the time effect on the 
mechanical properties and crystalline structure of the obtained CTiMF. Three 
carbonization times were chosen for this study, which were 2 h, 3 h and 4 h, respectively. 
All the other conditions for the carbonization process were maintained to be the same 
apart from the treatment time. 
 
Figure 5. 6. Images of CTiMF obtained agter being carbonized for 2 h (A), 
3 h (B) and 4 h (C) 
 
It was found that the CTiMF sample carbonized for 2 h showed the best flexibility 
(Figure 5. 6A and Figure 5. 7). By increasing the carbonization time, the volume of 
CTiMF was further reduced. The collapse of the outer structure intuitively was also 
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observed (Figure 5. 6 B and C). The elastic characteristics of the CTiMF was 
demonstrated by repeated pressing-releasing tests (Figure 5. 7). The CTiMF returned 
to its original morphology after 20 pressing-releasing cycles without any evidence of 
crack formation. The high elasticity and the durability of CTiMF are beneficial for 
further practical applications. 
 
Figure 5. 7. Elastic deformation of CTiMF under repeated pressure. 
 
5.2.6 Chemical composition and crystallinity of CTiMF 
The surface functionalities of the different foam samples were investigated by FT-IR 
spectroscopy. Figure 5. 8 shows the FT-IR spectra of PMF, DMF, CMF and CTiMF. 
The broad FI-IR band at 3000 to 3500 cm-1 is assigned to the typical stretching 
vibrations of N-H and O-H. The FTIR spectra of PMF and DMF display two peaks at 
1551 and 1471 cm-1, which belong to the stretching vibration of C=N, and two peaks at 
1328 and 970 cm-1, which are ascribed to the stretching vibrations of C–H. The peak at 
810 cm-1 is attributed to the triazine ring bending [157-160]. Although polydopamine 
was coated on the melamine foam, no obvious difference was observed between the 
FTIR spectra of PMF and DMF, which may be due to small amount of polydopamine 
coating. After carbonization, new peaks arise in the FTIR spectra of CMF and CTiMF. 
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The two peaks at 2923 and 2860 cm-1 are attributed to the stretching vibration of C–H 
[161-162]. The peak located at 1732 cm-1 could originate from the C=N bond [163-
164]. The two peaks at 1243 and 1467 cm-1 are ascribed to C-N stretching vibration 
[165]. The peak at 810 cm-1 from the triazine of melamine disappeared after thermal 
treatment, implying that 1,3,5-triazine molecular structure converted into carbonized 
structure after the carbonization process. These data indicated that the carbonized foam 
is rich in nitrogen element carbon materials. Additionally, comparing the FT-IR spectra 
of CMF and CTiMF, there was no obvious change in the chemical bonds of carbonized 
melamine foam after the assembly of TiO2 NPs.  
 
Figure 5. 8. FT-IR spectra of pristine melamine foam (PMF), 
polydopamine coated melamine foam (DMF), carbonized melamine foam 




To further understand the role of reaction time on the carbonization of MF and PDA 
during the heat treatment, TiMF treated at three different reaction times (2, 3 and 4 h) 
were further characterized by XRD and Raman. Figure 5. 9A shows the XRD curves 
of original TiO2 NPs, the TiO2 NPs heated at 600 °C and the CTiMF. It can be seen that 
anatase crystalline phase dominated in the original TiO2 NPs (P25) [166]. It has been 
reported that the crystal structure of TiO2 converted from anatase to rutile after heating 
at 600 oC [167]. The XRD peaks assigned to the rutile crystalline phase increased after 
the TiO2 NPs were heated for 2 h at 600 °C (Figure 5. 9A). Similar to the crystal 
structure of the original TiO2 NPs, CTiMF presented a relatively high intensity of 
anatase phase in the corresponding XRD curve after heating. In Zhang’s [138] study, 
graphite-encapsulated TiO2 NPs were prepared by heat treatment at high temperature. 
The encapsulation of carbon layers inhibited the TiO2 phase transformation from 
anatase to rutile even at 800 °C, which led to a higher thermal stability of TiO2 NPs. It 
is also reported that TiO2 QDs embedded in SiO2 foam can also maintain the anatase 
phase even after being calcined at 900 °C [131]. In this study, it is suggested that the 
anchoring effect from foam fibrils could impede the crystalline conversion of TiO2 at 
high temperature [168]. 
 
Figure 5. 9. (A) XRD patterns of original TiO2 NPs (P25), TiO2 NPs heated 
at 600 oC for 2 h and CTiMF heated at 550 oC from 2 h. Raman spectra of 
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(B) 3D frameworks and porous area of CTiMF after being heated at 550 oC 
for different time (2 ~ 4 h). 
 
Raman scattering spectroscopy was used to verify the crystalline structure of the 
CTiMF. The two Raman peaks at 1350 and 1590 cm-1 are typical D band and G band 
(Figure 5. 9B), which are assigned to the disordered sp3 carbon and graphitic sp2 carbon, 
respectively. The presence of D and G bands reveals that the melamine foam were 
carbonized by heat treatment [169-170]. The ID / IG intensity ratio from the Raman 
spectra was calculated to be 1.01 for the 2 h heat treatment and remained unchanged as 
the treatment time increased to 4 h. This result indicates that the carbon structure of the 
CTiMF did not change with increasing the carbonization time. The three Raman peaks 
at 397, 518 and 639 cm-1 are attributed to anatase TiO2, which reveals that TiO2 NPs 
were predominantly anatase phase, which is consistent with XRD analysis result. 
Although the crystalline transformation from anatase to rutile occurs at high 
temperature, the TiO2 NPs maintained anatase phase after carbonization. A small 
Raman peak at 445 cm-1 was observed in the Raman spectra in Figure 5. 9B, which is 
ascribed to the rutile crystalline of TiO2 [142]. This is due to the presence of a small 
percentage of rutile in the original TiO2 NPs. 
 
5.2.7 XPS analysis 
XPS characterization was carried out to assess the surface composition of the CTiMF. 
The XPS survey spectrum presents the signals of Ti, C, N and O elements (Figure 5. 
10A). The high-resolution Ti 2p XPS spectrum identified two peaks at 464.6 and 458.9 
eV, which are attributed to the binding energies of Ti 2p1/2 and Ti 2p3/2 (Figure 5. 10B) 
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[171], respectively, which further confirms that TiO2 NPs were integrated into the 
carbonized melamine foam. The C1s spectrum in Figure 5. 10C displays two peaks at 
the binding energies of 284.8 and 288.5 eV, respectively, which are assigned to 
adventitious carbon and  the tertiary carbon (N=C–N or C=N) [172-173]. The two peaks 
in the N1s XPS spectrum located at 398.0 and 400.1 eV are attributed to sp2-hybridized 
nitrogen C−N−C and tertiary nitrogen N-(C)3, respectively (Figure 5. 10D) [173-174].  
The XPS peak located at 530.1 eV and a shoulder peak around 532.1 eV are from the 
O 1s signal (Figure 5. 10E), which is assigned to hydroxyl (OH) and oxide (O2-) species 
of TiO2 NPs [171]. The XPS data suggest that TiO2 NPs were incorporated in the 




Figure 5. 10. XPS spectra of the CTiMF: (A) Survey, (B) Ti 2p, (C) C 1s 
and (D) N 1s and (E) O 1s. 
 
Furthermore, EDX mapping analysis was implemented to study the distribution of 
elements on the CTiMF. The EDX mapping from a region marked by a box in SEM 
image reveals that Ti, C, O and N co-existed in the CTiMF (Figure 5. 11 ). It can be 
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seen that the 3D fibrils of carbonized foam consisted of elements of C and N. The 
elements of Ti and O, which is attributed to the TiO2 NPs, distributed both on and 
around the 3D framework, implying the TiO2 NPs were coated successfully onto the 
fibrils of carbonized melamine foam.  
 
Figure 5. 11. SEM image and corresponding EDX element mapping (Ti, C, 
O and N) of the CTiMF. 
 
5.2.8 Effect of carbonization on the photocatalytic performance 
Dye Rhodamine B (RhB) was used as a model molecule to evaluate the photocatalytic 
performance of the CTiMF with 24 wt% loading of TiO2 NPs. It was observed that the 
RhB molecules were adsorbed partially into CTiMF by virtue of the porous feature of 
CTiMF in the absence of irradiation. The RhB aqueous solution became clear after 60 
min under the simulated sunlight irradiation. The degradation process of RhB by 





(Figure 5. 12A and B). With the presence of TiMF, 12% RhB was degraded after 60 
min irradiation. This is compared with 98% RhB degradation with the presence of the 
CTiMF. The relative change of dye concentration as a function of the irradiation time 
is plotted in Figure 5. 12C. C0 and C denoted the initial dye concentrations before and 
during light irradiation, respectively. The dye concentration decreased with prolonging 
the irradiation time in the presence of TiMF and CTiMF. CTiMF showed a much 
improved degradation rate of RhB than TiMF. The kinetics of RhB degradation as a 
plot of ln(C/C0) versus irradiation time is shown in Figure 5. 12D. The linear correlation 
between ln (C/C0) and time demonstrates that the photocatalysis of RhB follows the 
pseudo-first-order hypothesis, which is consistent with the reported results [175-176]. 
The apparent rate constant (Kapp) values of the photo-degradation reactions in the 
presence of TiMF and CTiMF were calculated to be 4.00 × 10-3 and 6.76 × 10-2 min-1, 
respectively. These Kapp values suggest that the CTiMF has 16 times higher 
photocatalytic performance than TiMF. The Kapp of CTiMF is comparable to related 





Figure 5. 12. Evolution of UV-vis spectra of (A) Absorbance of RhB 
solution in the presence of CTiMF (24% of TiO2 NPs), (B) 
Photodegradation under the irradiation of simulated sunlight. (C) Plot of 
C/Co as a function of time after the CTiMF in RhB solution under 
irradiation of simulated sunlight. (D) Corresponding plot of ln(C/C0) versus 
time during the photo-degradation.  
 
CTiMF exhibited remarkable catalytic performance compared to TiMF, which may be 
attributed to the following aspects. Firstly, the highly reflective white surface of TiMF 
reflects the irradiation light, leading to reduced light absorption. Meanwhile, the 
assembly of TiO2 NPs onto melamine foam decreased the surface area which is exposed 
to light, which could further reduce its photocatalytic activity. Whereas, after 
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carbonization, the nitrogen-doped carbonized foam acted as a support substrate of TiO2 
NPs and facilitated the absorption of simulated sunlight and improved the utilization 
efficiency of light. Infrared thermal imaging was employed to investigate the ability of 
light absorption of the obtained CTiMF (Figure 5. 13). Compared with TiMF and TiO2 
suspension, CTiMF achieved the highest temperature among all the three different 
samples under the simulated sunlight irradiation. This result indicates that the 
carbonized foam improved the light absorption efficiency for photocatalysts. 
 
Figure 5. 13. Optical and infrared thermal images of TiMF, TiO2 
nanoparticle suspension (3.3 mg TiO2 P25 in 10 ml deionized water), 
CTiMF dispersed in deionized water under the simulated sunlight.  
 
The other reason for the much improved photocatalytic performance of CTiMF may be 
the formation of the carbon layer after heat treatment. The coated polydopamine layer 
converted to a multi-layer graphene-like structure graphitic carbon nitride composite 
after the heating treatment. This graphene-like carbon nitride layer may facilitate the 
separation and transfer of charge carriers of the TiO2 NPs [152]. In our previous 
research, it was found that ·OH increased after carbonized polydopamine formation 














recombination of photo-induced charge carriers and prolong electron lifetime, leading 
to an enhancement in the oxidation–reduction ability. In addition, the nitrogen-doped 
carbonized foam may enhance photo-generated charge carrier separation in TiO2 
photocatalysis [180-181]. Therefore, carbonization is vital to fabricate high-efficiency 
photocatalysts based on melamine foam and TiO2 NPs.  
 
5.2.9 Dye removal performance 
CTiMF showed good adsorption property to dye, which may facilitate its photocatalytic 
performance efficient of dye. BET method was used to determine the specific surface 
area of CTiMF. The BET specific surface area of CTiMF was measured to be 146.3 
m2/g, demonstrating the high porosity of the carbonized melamine foam. Carbonization 
process maintained the 3D frameworks and porous structures of the foam. CTiMF has 
a high content of N-doped carbon and showed hydrophilic property. It can soak up dye 
solution easily (Figure 5. 14) and acted as a foam microreactor [182]. The microreactor 
has 3D reticulated structures, which may facilitate the high photocatalysis of CTiMF. 
As can be seen from Figure 5. 14, dye solution can be adsorbed into CTiMF. After 
simulated sunlight irradiation, the extruded solution from the CTiMF was colourless, 




Figure 5. 14. Process of photo-degradation of RhB in the CTiMF 
microreactors: ①, ② adsorption of dye solution; ③, ④ squeezing out clear 
water after photocatalysis (1h irradiation). 
 
5.2.10 Reusability of the CTiMF  
The reusability of the CTiMF was investigated by carrying out five sequential cycles 
via 1 h irradiation with continuous stirring. In each cycle, the CTiMF was taken out 
from treated solution and washed with deionized water, then it was put into a refreshed 
prepared dye solution for another round of degradation test. Each dye degradation test 
was carried out for 1 h irradiation under continuous stirring. As shown in Figure 5. 15, 
99% of RhB was degraded in the first cycle of the degradation test of CTiMF. The 





Figure 5. 15. Dye RhB degradation efficiency under simulated sunlight 
irradiation after five sequential cycles. 
 
5.3 Conclusion 
TiO2 NPs loaded 3D carbonized melamine foam was successfully developed via a 
biomimetic method followed by carbonization. The 3D framework of the foam was 
preserved after carbonization. PDA was used as the linker to immobilize TiO2 on the 
foam. It was also found that the PDA inhibited TiO2 phase transformation from anatase 
to rutile during the heat treatment. The anchoring ability TiO2 NPs onto melamine 
fibrils was enhanced by the carbonization procedure. The CTiMF displayed significant 
improved photocatalytic activity for dye degradation under sunlight irradiation, which 
is up to 16 times higher than TiMF. This work demonstrated a facile and practical 
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approach to produce TiO2-loaded photocatalytic foam for dye degradation, which 





Chapter 6  
Development of P25@reduced graphene 
oxide coated metal foam for volatile organic 
compounds emission control 
In this study, a VOCs photodegradation and detection integration system was developed.  
P25@reduced graphene composite was immobilized on common commercial Ni foam 
by dip coating method using SiO2 as the adhesive. The obtained P25@RGO/Ni foam 
showed greatly improved degradation efficiency to VOCs compared with commercial 
photocatalytic Ni foam. The developed VOCs degradation/detection system exhibited 
several advantages, including high detection sensitivity, easy to operate, automatic data 
collection and suitable for a variety of VOCs. 
 
6.1 Experimental procedure 
6.1.1 VOCs removal performance of P25@RGO loaded Ni foam  
The VOCs photodegradation performance of the as-prepared P25@RGO/SiO2 loaded 
Ni foam was measured by a photo-degradation/detection system that is purpose built.  
 




As shown in Scheme 6. 1, this system consists of an infrared detector (1), gas pump (2), 
reaction chamber (3), data recorder (4) and computer (5). The working principle is as 
follows: After injection of VOCs into the system, VOCs is gasified and then circulate 
in the system by the gas pump (2) and the concentration is recorded immediately by the 
infrared detector (1) and data logger (4). The recording frequency was set to be 10 
seconds. When VOCs get into the gas reaction chamber (3), the VOCs are degraded by 
the as-prepared catalytic foam. The concentration change of VOCs is then monitored 
in real time and recorded by the data logger. 
A curve of reaction time versus gas concentration changes is then displayed on the 
computer (5). The VOCs removal efficiency is exported in diagram. 
 
Scheme 6. 1 Schematic graph of VOCs photodegradation/detection system. 
 
This system has advantageous characteristics including small size, easy handling and 
low detection limit. It is suitable for both VOCs testing in laboratory and small 
industrial trials.  
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The reaction chamber was made of stainless steel, which would enhance ultraviolet 
light reflection and chamber sealing (Figure 6. 1). UV lamps with wavelength of 265 
nm and power of 10 W were used in the chamber. Photocatalytic foam can be easily 
slid in/out through two chutes inside the reaction chamber. The set of three UV lamps 
can be switched on/off separately in order to study the effect of UV intensity on VOCs 
degradation efficiency. A safety electrical switch was installed so that the UV light can 
be automatically turned off while the door is open. 
 
Figure 6. 1. Optical picture of gas reaction chamber. 
 
6.2 Results and discussions 
6.2.1 P25@RGO composites coating on Ni sheets 
Metallic Ni sheet was selected to explore the coating method of P25@RGO composites 
on metal support. Figure 6. 2 shows the optical photograph of commercial Ni sheet 
before and after coating. It can be seen from Figure 6. 2a, Ni sheet has a light grey 
colour. After the coating process, Ni sheet turned to be light brown and the colour 
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became darker as the coating layer increased (Figure 6. 2b, c, d). It became dark brown 
after 3 layers coating (Figure 6. 2d). 
 
Figure 6. 2. a) Optical image of commercial Ni sheet, b) 1 layer of 
P25@RGO coated Ni sheet, c) 2 layers coated Ni sheet, d) 3 layers coated 
Ni sheet. 
 
Figure 6. 3 shows the contact angle of Ni sheets before and after one layer coating of 
P25@RGO. The original Ni sheet had a water contact angle of 85°, and the angle 
reduced significantly to 35° after coating. The hydrophilicity of the Ni sheet increased 
greatly after coating, which indicated that P25@RGO was successfully coated on the 
Ni sheet. 
 




The surface morphology of the P25@RGO coating was studied in detail by SEM as 
shown in Figure 6. 4. Before the coating process, a smooth surface was demonstrated 
on Ni sheet (Figure 6. 4a). After the coating process, a dense coating of P25@RGO 
layer was found on the surface of Ni sheet. Under high magnification, it can be clearly 
seen that a dense layer of P25@RGO composites formed on Ni surface after 1 layer 
coating (Figure 6. 4b’). Further increases of the coating layers (2 layers and 3 layers) 
resulted in similar density coating of P25@RGO composites (Figure 6. 4c’ and d’).  
 
Figure 6. 4. SEM image  of Ni sheet (a, a’), Ni sheets with 1 layer of 
P25@RGO coating (b, b’), 2 coating layers (c, c’), 3 coating layers (d, d’). 
 
The cross sections of the coating layer are shown in Figure 6. 5. P25@RGO composites 
were uniformly loaded on the Ni sheet with an average coating thickness of about 1.5 




Figure 6. 5. SEM image of cross-section of Ni sheet with different coating 
layers: 1 layer (a, a’), 2 layers (b, b’), 3 layers (c, c’). 
 
In order to study the stability and impact resistance of P25@RGO coating, the coated 
Ni sheet was placed under high pressure and high-velocity gas with a speed of 1 L per 
second. Figure 6. 6 shows the morphology of Ni sheet before and after impact, no 
obvious change of the coating thickness was observed after impact. 
 
Figure 6. 6. SEM image of impact resistance of P25@RGO/Ni sheet. 
 
6.2.2 P25@RGO composites coating on Ni foam 
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The photocatalytic activity of photocatalyst P25 was effectively increased by increasing 
the surface area or a porous structure [183-185]. P25@RGO composites were 
successfully coated on the surface of Ni sheets. The same method was used to coat 
P25@RGO composites on commercial Ni foam.  Three commercial Ni foams with 
different thickness were provided by the industrial partner and used as reference. These 
three foams showed different light transmittance. Commercial Ni foam 1 with the 
highest light transmittance was selected for further study. Figure 6. 7 shows P25@RGO 
Ni foam maintained its transmittance after P25@RGO composite coating. In order to 
study the effect of RGO content in P25@RGO composites on its VOCs removal 
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Figure 6. 7. UV-vis transmittance of 3 different commercial Ni foams and 




As shown in Figure 6. 8, the colour of Ni foam changed from silver grey to black after 
the coating process, which indicated the successful coating of P25@RGO on the surface 
of Ni foam. 
 
Figure 6. 8. Ni foam before and after P25@RGO coating. 
 
The morphology of P25@RGO coating is shown as in Figure 6. 9a. Under high 
magnification of SEM, it can be seen that P25@RGO composites were uniformly 
loaded on the surface of commercial Ni foam as shown in Figure 6. 9b and d. The 




Figure 6. 9. SEM image under different magnification of P25@RGO 
coated Ni foam: a) morphology of P25@RGO/Ni foam, b) single coated Ni 
strip, c) cross-section of P25@RGO coating layer, d) high magnification of 
P25@RGO coating layer. 
 
6.2.3 Characterization of P25@RGO coated Ni foam 
XRD of the Ni foam showed the same peak before and after coating (Figure 6. 10). No 
obvious P25 and graphene signals were observed in the coated Ni foam. This could be 
attributed to the low loading amount of P25, leading to the low signal of P25 compared 
to the metal Ni substrate. 
110 
 













P25@RGO coated Ni foam
Commercial TiO
2




Figure 6. 10. XRD results of Ni foam before and after coating. 
 
The loading amount of P25@RGO on Ni foam was studied and calculated by TGA 
(Figure 6. 11). Figure 6. 11a presented weight loss proportion of P25 and GO in 
P25@RGO composite solution with P25 to GO ratio of 5: 1 and 5: 2. Weight loss 
increased continuously as the temperature increased. The weight loss between room 
temperature and 120°C was attributed to the volatilization of water. The weight loss 
between 200°C and 400°C was attributed to the decomposition of GO. For P25@GO 
with a ratio of 5: 1, the weight loss of GO was measured to be 6%, the weight ratio 
between GO and P25 was 6%: 86.91% (approximate 1: 14.48). For P25@GO with a 
ratio of 5: 2, the ratio of weight loss increased significantly compared to P25@GO with 
a ratio of 5: 1, which further indicated that the RGO component increased. The weight 
loss between 200-400 degrees was attributed to the degradation of RGO (10.3%). The 
weight ratio between RGO and P25 was 10.3%: 80.1% (approximate 1: 7.77), which is 
1.86 times higher compared with sample with ratio of 5: 1. 
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The loading amount of P25@RGO coating layer loaded on Ni foam was calculated by 
TGA, and the results are shown in Figure 6. 11b. The total weight reduction was 
calculated to be about 0.0035%. The total weight of P25@RGO layer (5:1) on Ni foam 
were calculated as:  
𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑅𝐺𝑂
𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 P25@RGO







𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑃25@𝑅𝐺𝑂 𝑜𝑛 𝑁𝑖 𝑓𝑜𝑎𝑚 =  5.4% 
Therefore, the weight percentage of P25@RGO coating layer in total weight of 
P25@RGO Ni foam was calculated to be 5.4%. 
 
Figure 6. 11. a) TGA results of P25@RGO composite solution with ratio 
of 5:1 and 5:2, b) TGA results of P25@RGO coated Ni foam. 
 




According to the  large amounts of statistical data and ground detection results of major 
VOCs sources in China, the typical VOCs emission sources comes from mobile sources 
(vehicles), fuel evaporation, coal/biomass burning, painting, asphalt and petrochemical 
industries  [186-189]. In particular, industrial VOCs pollutant can be described in such 
chemical types, including hydrocarbon (benzenes), aldehyde, esters, ethers, alcohols, 
polymer monomer, cyanide class [186]. In this study, five typical VOCs were selected, 
which were ammonia, ketones, esters, alcohols, and benzenes. The photodegradation 
efficiency of commercial TiO2 coated Ni foam and P25@RGO coated Ni foam was 
compared via photocatalytic degradation of VOCs under the same conditions (Figure 
6. 12).  
Absorption capacity to five typical VOCs was also considered in this experiment. In 
the silica gel preparation process, tetraethoxysilane (TEOS) was hydrolysed in the 
acidic condition [190], silanol (≡SiOH) and siloxane (≡SiOSi≡) groups formed on the 
silica surface. It is reported that silanol groups act as adsorption site, which can interact 
with the VOCs [191]. 
The performance of the as-prepared photocatalytic foam was compared with 
commercial photocatalytic Ni foam.  P25@RGO coated foam showed a strong 
adsorption capacity for ammonia gas. P25@RGO coated Ni foam greatly adsorbed 
ammonia, the concentration reduced to almost zero within only a few minutes. Very 
little adsorption was observed for the other selected VOCs. By prolonging the 
irradiation time, the VOCs concentration reduced gradually. Among all the 
photocatalytic foams, the commercial photocatalytic foam showed the lowest efficiency 




Figure 6. 12. Photodegradation performance for five typical VOCs by 
commercial TiO2 Ni foam, P25@RGO 5:1 Ni foam and P25@RGO 5:2 Ni 
foam. VOCs are a) ammonia, b) butanone, c) ethyl acetate, d) isopropanol 
and e) toluene. 
 
To evaluate the effect of RGO content on the adsorption and degradation efficiency of 
VOCs, P25@RGO coated foams with different ratio of P25 and RGO were prepared 
under the same conditions. The ratios between P25 and RGO were controlled to 5:0, 
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5:1 and 5:2, respectively. The three composites with different amount of RGO were 
then loaded on Ni metal foam under the same conditions. The VOC degradation 
performance of the obtained four as-prepared metal foam was then compared. 
The VOCs removal ability of four different photocatalystic Ni foam is shown in Figure 
6. 13. The photocatalytic activity of P25@RGO coated Ni foam for different VOCs has 
been summarized and listed in Table 6. 1. 
Compared to commercial photocatalytic Ni foam, P25@RGO (5:1) coated foam VOCs 
improved the butanone and toluene removal efficiency, which was almost 2 times for 
butanone, 9 times for isopropyl alcohol, and 12 times for ethyl acetate (Table 6. 1). 
Compared to commercial photocatalytic Ni foam, the VOCs removal efficiency of 
P25@RGO (5:2) coated foam increased 2.8 times for butanone, 27 times for ethyl 
acetate, 9.0 times for isopropanol and 1.9 times for Toluene. These results further 
proved that the addition of RGO can effectively increase the degradation efficiency of 
VOCs. The ratio of P25@RGO 5:2 showed to be the optimum ratio and was chosen to 




Figure 6. 13. VOCs removal performance after 15 min adsorption and 60 
min irradiation for five typical VOC compounds by commercial TiO2 Ni 
foam, P25 (only) Ni foam, P25@RGO (5:1) Ni foam and P25@RGO (5:2) 
Ni foam. The five typical VOCs are ammonia, butanone, ethyl acetate, 
isopropanol and toluene. 
 
Table 6. 1. VOCs removal performance of different coated Ni foam. 
 VOCs  Butanone Ethyl 
Acetate 
Isopropanol Toluene 
P25@RGO (5:1) coated foam vs 
commercial photocatalytic foam 
1.9 : 1 12.4 : 1 9.0 : 1 1.9 : 1 
P25@RGO (5:2) coated from vs 
commercial photocatalytic foam 
2.8 : 1 27.2 : 1 9.0 : 1 1.9 : 1 
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P25@RGO (5:2) coated foam vs 
P25(only) coated foam 
1.7 : 1 2.1 : 1 1.7 : 1 1.2 : 1 
 
6.3 Conclusion 
In summary, an easy handling VOCs gas photodegradation/detection system was built, 
it has the characteristics of small size, low detection limit, fast data collection and 
excellent repeatability. The system is suitable for both laboratory test and industrial on-
site trial for gas (VOCs) photodegradation/detection. 
P25@RGO was successfully prepared by hydrothermal synthesis and was then loaded 
onto Ni foam by simply using a dip coating method with SiO2 as the binding agent. The 
coating process has the characteristics of controllable thickness, stable coating layer 
under impact and easy for scale up. The P25@RGO coated foam has a strong adsorption 
capacity to ammonia. Compared to commercial photocatalytic Ni foam, the as-prepared 
P25@RGO coated foam significantly improved the VOCs photodegradation 








Conclusions and future work 
This thesis focused on immobilizing photocatalyst TiO2 (P25) on supporting substrates 
using different strategies and evaluating the photodegradation performance of the 
obtained materials for water/air pollutant treatment. The following sections provide 
summaries and recommendations for future research. In chapter 4, an easily recyclable 
photocatalyst was prepared by applying mussel-inspired coating strategy to immobilize 
P25 on the surface of clay nanosheets. Compared with P25, P25/C-clay showed 
superior separability from water by simple gravitational settling. P25/C-clay also 
showed high photocatalytic activity, robust reusability and excellent adsorptive ability 
(95.4 mg/g) against dye RhB. This work provides a simple, low-cost, scalable method 
for preparing P25-clay composite, which open the possibilities for applying P25 as an 
easy separation photocatalyst in real-world environmental remediation. 
In chapter 5, the biomimetic method was also used to successfully load TiO2 NPs on 
3D carbonized melamine foam followed by carbonization. The 3D framework of the 
melamine foam were preserved after carbonization, providing porous structure for the 
TiO2 NPs. The immobilization of TiO2 using PDA inhibited TiO2 phase transformation 
from anatase to rutile during the heat treatment. The anchoring ability TiO2 NPs onto 
melamine fibrils was enhanced by the carbonization procedure. The CTiMF displayed 
significant improved photocatalytic activity for dye degradation under simulated 
sunlight irradiation, which is up to 16 times higher than TiMF. The carbonization 
played a crucial role in enhancing the photocatalytic activity of TiO2 NPs coated 
melamine foam. This work demonstrated a facile and practical approach to produce 
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TiO2-loaded photocatalytic foam for dye degradation, which display great potential for 
practical use in wastewater treatment. 
In chapter 6, an easy handling VOCs gas photodegradation/detection system was 
purpose built, which has the characteristics of small size, gas tight, low detection limit, 
real time data collection and excellent repeatability. The system is suitable for testing 
in laboratory and industrial on-site trials for VOCs photodegradation/detection.  
P25@RGO with different component ratio was successfully prepared, then it was 
loaded onto Ni foam by simply dip coating method using SiO2 as the binding agent. 
The coating layer has the characteristics of controllable thickness, stable under impact 
and easy scale up. The P25@RGO coated foam has a strong adsorption capacity to 
ammonia. Compared to commercial photocatalytic Ni foam, the as-prepared 
P25@RGO coated foam significant improved the VOCs photodegradation performance 
including butanone, ethyl acetate, isopropanol and toluene. 
Future work is suggested to systematically compare the VOCs degradation performance 
of the fabricated photocatalyst loaded foam with the commercially available 
photocatalytic foam via either our purpose built photodegradation/ detection system or 
a photoreactor based on international standard.  Photocatalyst loaded foams are of 
particular interest to many pollutant applications because of their large surface area and 
high light absorption performance. Hence it would be feasible to optimize the 
photocatalyst loading strategy on the foam to achieve high photocatalytic performance. 
The other aspect to investigate is the foam geometry structure effect on the performance 
of photocatalytic as the supporting substrate. The three dimensional array of the 
interconnected foam structure determines the porosity, specific area, pressure drop, and 
contact between the contaminants and the photocatalyst of the supporting substrates 
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when they are used for the water and air pollutant treatment. Therefore, understanding 
the impact of cellular structure of supporting substrates on the pollutant removal 
efficiency of the obtained photocatalyst would provide the knowledge for better design 
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